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One of the most crucial research areas in wind engineering is tornadoes due to the widespread 
damage to infrastructure and the environment in North America and other parts of the world. 
The proper scaling of tornadoes in experimental facilities, generating tornado-like vortices 
(TLVs) is, therefore, an essential part of evaluating tornado-induced damage on engineered 
buildings. The capability of producing TLVs of length scales in the range between 1:300 and 
1:150 inside the Wind Engineering, Energy and Environment (WindEEE) Dome at Western 
University has already been demonstrated using only one mode of the full potential of this 
simulator. A new mode of function of the WindEEE Dome in order to generate larger-scale 
TLVs in the geometric scaling of approximately 1:50 is investigated and calibrated against an 
actual tornado. This, never achieved before, large experimental TLV facilitates the study of 
tornadic actions on buildings, especially on examining an aeroelastic model against TLV-
structure interactions.  
On the other hand, while studies of tornado-induced structural damage tend to focus mainly on 
low-rise residential buildings, the current rapid expansion of city centers and the development 
of large-scale building complexes increase the risk of tornadoes impacting tall buildings. It is, 
therefore, important to determine how tornado-induced load affects tall buildings compared 
with those based on synoptic boundary layer winds. A 1:200 scaled model of the 
Commonwealth Advisory Aeronautical Research Council (CAARC) building was built and 
equipped with pressure taps. This model is used to compare the pressure distributions induced 
by Atmospheric Boundary Layer (ABL) and TLV wind flows. A new way of defining pressure 
coefficients for TLV flows is advanced providing a compatible way to compare ABL and TLV 
induced pressures on high-rise buildings. Mean and peak surface pressures are reported and 
compared between TLV and ABL cases. By using the newly proposed pressure coefficient 
approach it is shown that the mean pressure distribution becomes similar while the fluctuating 
pressure coefficients are different but similar in trend. The mean and 3-sec pressures induced 
by ABL are found to be dominant over the ones induced by TLV. These findings are expected 
to provide a way forward towards future code implementations.  
Keywords: Tornado-like vortices (TLVs), Atmospheric Boundary Layer (ABL), WindEEE 
Dome, Scaling,  Pressure coefficient, High-rise Building, CAARC. 
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Summary for Lay Audience 
 
Tornadoes can cause enormous destruction to life and properties. Due to the rise in tornadic 
wind damage during the last decades, the study related to the behavior of tornadoes has become 
a crucial subject in civil and wind engineering. It is essential to understand their structure and 
damage impact near the ground where most engineered structures are built. However, this is 
almost impossible based on full-scale studies. In this regard, physical simulation of scaled-
down tornadoes inside laboratories provides a huge benefit to explore them in a safe and 
repetitive environment. In this thesis, two important aspects of tornadoes are discussed. First, 
examining a new experimental simulation of tornadoes to facilitate the study of the interaction 
of tornado-induced winds on structures (aeroelastic model) inside the simulator. Second, 
exploring the pressure effects generated by tornadoes on a standard high-rise model building 
and comparison with straight wind pressure coefficients. The findings of this study are 
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1. Introduction and background 
 
1.1. General introduction 
The study methods for tornado flows can be divided into two categories. First, actual tornadoes 
which occur in nature, and second, simulated tornadoes which are so-called tornado-like 
vortices (TLVs). The latter one can be subdivided into three extinct research areas: i) analytical 
(e.g. Gillmeier et al., 2018, Ashton et al., 2019; Karami et al., 2019 and 2020), ii) numerical 
(e.g. Lewellen et al., 1997; Natarajan and Hangan, 2012; Orf et al., 2017; Gairola and 
Bitsuamlak, 2019), and iii) experimental simulations (e.g. Ward, 1972; Church et al., 1977; 
Wang et al., 2001; Haan et al., 2008; Refan and Hangan, 2014 and 2018). In meteorological, 
fluid dynamics, and wind engineering domains, tornadoes have been widely researched. 
Tornadoes are defined as violently rotating columns of air that connect a thunderstorm cloud 
with the surface. The high potential of occurrence of supercells over North America due to the 
topography and weather conditions increases the potential of occurrence of tornadoes than any 
other part of the world (Brooks et al., 2003; Bosart et al., 2004). Around 56,000 tornadoes 
during 1950–2011 were documented by the National Oceanic and Atmospheric Administration 
(NOAA) which 33,756  tornadoes produced damage and more than US$ 28 billion in property 
losses (Simmons et al., 2013). In order to evaluate the level of damage imposed on structures 
and the environment, McDonald et al. (2006) recommended the Enhanced Fujita (EF) scale as 
a modified version on the Fujita (F) scale to rate tornado strength. The EF scale is a damage-
based measure for tornado velocity and intensity ranging from EF0- to EF5-rated tornadoes. 
Despite various technological advancements in the meteorology field over the last several 
decades, collecting data for in-situ measurements of tornado velocities and pressures is still 
challenging and relatively limited. Due to the rapid evolutions, short lifespans, unpredictable 
paths, and their small scales relative to the rest of the thunderstorm cloud (Kurdzo et al., 2017), 
observation and study of tornadoes are problematic. Furthermore, accessibility to the area, the 
topography of the field, curvature of the earth are some of the issues that make the exploration 
of tornadoes based on Doppler radar measurements very difficult and somewhat limited 
(Kosiba and Wurman, 2013). In most cases, the lowest sampling elevation is above 40 m above 
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ground level (AGL) while many of the buildings and structures are below 50 m AGL. 
Therefore, the reproduction of tornadoes in physical simulators that can produce TLVs under 
controlled and repeatable conditions provides a unique opportunity to examine tornado-
structure interactions (e.g., Letchford et al., 2002; Rotunno, 2013; Hangan et al., 2017). During 
the last two decades, several researchers have produced physical simulations of tornadoes and 
studied their effects on small scale buildings models (Haan et al., 2008; Mishra et al., 2008a; 
Refan and Hangan, 2016; Tang et al., 2016; Hangan et al., 2017; Tang et al., 2018; Hangan et 
al., 2019). The Wind Engineering, Energy and Environment (WindEEE) Dome at Western 
University (Refan and Hangan, 2018) is a simulator that confirmed its possibility to create 
larger-scale tornadoes (Hangan et al., 2017) and demonstrated, for the first time, the 
relationship between the produced TLVs and actual tornadoes (Refan and Hangan, 2016). In 
order to simulate a tornado inside the chamber, proper scaling and dimensional analysis need 
to be taken into account between the prototype and model (Nolan, 2005). First, the geometric 
similarity (𝐿𝑚/𝐿𝑝= constant) needs to be respected. Second, the kinematic similarity (𝑉𝑚/𝑉𝑝= 
constant) which implies the ratios of the velocities, as well as accelerations at all corresponding 
points in the flow, are the same. From this similarity point of view, the most important non-
dimensional parameter for experimental simulation of tornadoes is the swirl ratio (𝑆). Third, 
the dynamic similarity (𝐹𝑚/𝐹𝑝= constant) accounts for the ratio of the acting forces needs to 
be respected. The main two dynamic non-dimensional parameters are the Reynolds (𝑅𝑒) and 
Froud (𝐹𝑟) numbers which ensure dynamic similarity of the experiments (i.e., rigid body or 
aeroelastic model tests). 
 
1.2. Motivation and objectives 
Tornado wind is three-dimensional in nature with a rapidly rotating column of air that has 
substantial tangential, radial, and vertical wind-speed components. Tornadoes are famous for 
their strong and devastating effects with wind speeds up to 512 km/h for F5 rated tornadoes 
(Wurman and Kosiba, 2013). Tornadoes usually cause fatalities and property damage in the 
U.S. and Canada. According to the statistical data from National Oceanic and Atmospheric 
Administration (NOAA), about 1000 tornadoes occurred in the USA, took 29 lives from 2014 
to 2016, and are responsible for immense property loss (Boruff et al., 2003; Coleman et al., 
2011). Three main reasons that tornadoes produce damage on infrastructures such as 
transmission towers or other engineered buildings are high wind speeds, pressure deficit inside 
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the vortex core, and windborne debris (Brooks and Doswell, 2001). Consequently, it is 
important to evaluate tornado-induced loads on structures and buildings to reduce this effect 
on the design plan. As examined in Church et al. (1979), the goal of all physical tornado 
simulations is to produce TLVs that resemble the actual tornadoes as close as possible. The 
similitude between the experiment and reality is an important part of any experimental work 
(Refan et al., 2014) including the physical simulation of tornadoes. Mishra et al. (2008b) tested 
an idealized cubical building with a geometric scale of approximately 1:3500 to a single-cell 
TLV in the TTU Vortex Simulator. Also, Haan et al. (2010) subjected a 1:100 scale model of 
an idealized gable roof building to the TLVs produced in the Iowa State University (ISU) 
tornado simulator. However, this geometric scale in the TTU Vortex Simulator has no clearly 
defined relationship to actual tornadoes. Geetha Rajasekharan et al. (2013) analyzed the net 
pressures as a function of building position to the TLV center in the Tokyo Polytechnic 
University tornado simulator that produces TLVs with the geometric scale of about 1:1000. 
On the other hand, Refan et al. (2014) successfully implemented the tornado scaling 
methodology of (Hangan and Kim, 2008) that proposes the proper geometric and velocity 
scales of the TLVs based on a few governing parameters of tornadic flow fields that can be 
obtained from both experiments and actual tornado measurements. These parameters are the 
maximum tangential velocity (𝑉𝑚𝑎𝑥,𝑡) in a tornado, its radial position from the center of the 
tornado vortex (𝑟𝑚𝑎𝑥 ), and its height AGL (𝑧𝑚𝑎𝑥 ). The WindEEE Dome simulator can 
manipulate TLVs by employing a combination of six upper fans that are used to create suction, 
the louvers installed along the periphery of the test chamber to develop circulation in the 
inflow, and the network of peripheral fans to inject additional momentum to the inflow 
(Hangan et al., 2017). Refan et al. (2014) and Refan and Hangan (2018), however, only 
explored the first two governing mechanisms (i.e., the suction fans and directional louvers) in 
their research of TLVs (Mode A). Their studies concluded that the employment of upper fans 
and peripheral louvers—without the peripheral fans—in the WindEEE Dome produces TLVs 
that geometrically scale between 1:300 to 1:150 to a set of full-scale tornado flow fields 
observed using mobile Doppler radars in the US (Refan and Hangan, 2016). Also, they reported 
the velocity scale between 1:4 and 1:2 for their TLVs and the actual tornadoes that were 
ranging between EF1- and EF3-rated tornadoes. However, these simulated TLVs (Mode A) 
are proper for rigid body experimental simulation. In order to examine the interaction of 
structure and tornadic flow, the dynamic similarity between the prototype and model for Froud 
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number (𝐹𝑟) should be considered. The ratio of velocity and length scales for Mode A is not 
providing 𝐹𝑟 =1 in the model and prototype. This problem motivated us to produce a 
compressed and large TLV by introducing PFs (i.e., employing another mode of WindEEE 
Dome, Mode B) in order to increase the inflow angular momentum and at the same time reduce 
TFs’ rpm to satisfy the dynamic similarity for Froud numbers. To contribute further to the field 
of experimental investigation of TLVs, chapter 2 introduces a large-scale TLV that can broaden 
explore tornado vortex dynamics, as well as tornado wind actions on small-scale structures 
including their aeroelastic response. On the other hand, the effect of a simulated TLV inside 
the WindEEE Dome on a standard tall building model is examined and described in chapter 3. 
Numerous experimental and numerical studies have been carried out to investigate wind-
induced forces on structures to examine the effect of the vortex structure and topology of the 
flow around surface-mounted for a boundary layer atmosphere (ABL) of approaching flow. 
With an increasing population and the necessity to build high-rise buildings around the world, 
these structures are now being taller and thinner with different aspect ratios and exposure areas. 
That is why in the designing process wind tunnel test will be helpful to evaluate wind effects 
on high-rise buildings. However, tornado-induced wind loads and flow structures around 
buildings with a significant tangential velocity, radial inflow, and vertical updraft would be 
quite different from ABL flows (Markowski and Richardson, 2009). Even though tornado-
induced damage is commonly observed in low-rise buildings, for high-rise buildings have also 
occurred in the past years. For instance, a tornado outbreak in March 2008, with EF2 rated 
touched down which caused widespread damage to several high-rise buildings in downtown 
Atlanta, Georgia such as Westin Peachtree Plaza Hotel with 220 m heigh. However, the 
majority of research has been concentrated on the effects of tornadoes on low-rise buildings 
and very few studies have been dedicated to high-rise buildings. For instance, a low-rise 
buildings model with different geometry and orientation was examined by (Case et al., 2014). 
(Mishra et al., 2008) quantified 𝐶𝑝 on a cubic model at different locations relative to the center 
of a tornado. Likewise, the effects of surface roughness on 𝐶𝑝  of a cubic building model 
conducted by (Sabareesh et al., 2012). While (Hu et al., 2011) applied a gable-roof building 
model against a TLV at various locations and orientation angles by Particle Image Velocimetry 
(PIV) system. (Haan et al., 2010) analyzed peak loads on a gable-roof model against a TLV 
flow field to be compared with the same model for ABL wind. The same procedure with 
considering the effect of swirl ratios and translation of the simulated tornado was examined by 
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(Razavi and Sarkar, 2018). One of the few studies on high-rise buildings, (Yang et al., 2011) 
studied a model inside the Iowa State University simulator to figure out the TLV-induced wind 
load (forces and moments) acting on their model. They utilized a PIV system to demonstrate 
the flow field for the simulated tornado with and without the model on their turntable to 
characterize vortex, separation, and wake flow around the building. (Hou and Sarkar, 2020) 
used an aeroelastic CAARC model in a TLV flow field to examine the vibration response and 
excitation of the model. They reported the tornado-induced vibration is more severe compared 
to the same experiment against the ABL flow. 
Up to now, there is no clear definition of pressure coefficients, at least for tall buildings, that 
can allow a direct comparison between the effects of TLV and  ABL wind fields. This paper 
uses the CAARC standard tall building as a target model and conducts a series of pressure 
measurements on a rigid model at different radii and for several swirl ratios inside the 
WindEEE Dome for two cases, i.e., ALB and TLVs. For verification of wind loading 
measurements, several research institutions all over the world have studied the wind pressure 
distributions on the surfaces of the CAARC model. The ABL pressure distribution 
experimental results for the CAARC standard tall building models were compared based on 
data from four research institutions (Melbourne, 1980; Guzmán-Solís et al., 2020; Yi Li et al., 
2020b) and the ABL simulations in the WindEEE Dome. The comparison shows and discusses 
the differences between these results. Moreover, histograms, probability density functions 
(PDF), and power spectral densities (PSD) for WindEEE simulated TLVs are presented and 
discussed. Wind pressure coefficient (𝐶𝑝) distributions for ABL and TLV flow fields are 
analyzed and discussed. Moreover, different time-averaging windows (hourly, 3-sec) for mean 
and peak pressure coefficients are presented and analyzed. The findings of this study are 
expected to provide useful information for the structural code design of rectangular-tall 
buildings for the National Building Code of Canada (NBCC) and the American Society of 
Civil Engineers (ASCE). 
 
1.3. Thesis layout 
This thesis is written in the “integrated article” format as specified per the thesis submission 
requirement of Western University. This thesis covers two articles described in Chapter 2, and 
Chapter 3, respectively. Chapter 1 delivers a brief introduction and background to tornado 
research and outlines the main objectives of the thesis. Chapter 2 studies the experimental 
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investigation of large-scale tornado-like vortices. This experiment is a new approach to 
produce unique large-scale tornado-like vortices (TLVs) inside the WindEEE Dome, namely 
Mode B which accompanies the forcing of the peripheral fans in addition to the louvers system 
and the upper fans used for previous (Mode A) studies. It needs to be mentioned that further 
investigation on the ratio of tornado size and building footprint was the main motivation after 
producing Mode B TLVs. However, the Covid-19 pandemic has hit all around the world and 
the WindEEE Dome was shut down and all experiments were suspended until the fall of 2021. 
Based on previous experiments and data, a similar research area was considered for Mode A 
to examine TLV induced pressure on a standard high-rise building model. In this regard, 
Chapter 3 presents an investigation on the pressure distribution of a standard CAARC building 
under both ABL and TLV wind fields. Chapter 4 provides a summary of the work and 
conclusions from previous chapters. This Chapter also offers recommendations for the scope 
of future work. 
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2. Experimental investigation of large-scale tornado-like vortices 
 
Tornadoes are one of the most pressing research topics in wind engineering due to the extensive 
damage they impact on infrastructure and the environment. The proper scaling of 
experimentally produced tornado-like vortices (TLVs) against actual tornadoes is, therefore, a 
quintessential part of assessing tornadic damage on the built environment. The Wind 
Engineering, Energy and Environment (WindEEE) Dome at Western University has already 
demonstrated its capacity to generate TLVs characterized by length scales in the range between 
1:300 and 1:150 by using only a part of the full potential of this simulator. This paper 
introduces a new experimental mode of the WindEEE Dome operation intending to create 
larger-scale TLVs in the geometric scaling of approximately 1:50. In addition to the six upper 
fans (source of suction) and the peripheral louvers (source of swirl) that were used in the 
previous TLV simulations, the new tornado mode of the WindEEE Dome also utilizes the 
peripheral fans situated along the periphery of the testing chamber as an additional source of 
angular momentum in the inflow. The simulated TLV is scaled up and compared against 
published Doppler-radar data of an actual tornado in the United States. Our analyses show that 
the WindEEE Dome large-scale TLV corresponds to EF0 to EF2-rated twisters in nature. The 
geometric scale of the produced TLV is ~1:50. This large geometric scale of the TLVs 
facilitates the experimental investigation of tornadic actions on structures, including aeroelastic 
testing of wind-structure interactions.  
 
2.1. Introduction  
Tornadoes are high-impact weather phenomena that have been extensively researched in the 
meteorological, fluid dynamics, and wind engineering communities. The meteorological 
research is predominantly focused on observational studies, the process of tornadogenesis and 
tornado lifecycle, numerical modeling of tornadoes, and their forecasting. The fluid dynamics 
research is usually in the area of tornado vortex dynamics, vortex instability, and turbulence. 
On the other hand, wind engineers are mostly concerned with the tornado-structure interaction 
and the mitigation of tornado damage to structures and the environment. Therefore, the 
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effective progress in tornado research is arguably through a multidisciplinary effort across 
these scientific fields. As such, this paper links wind engineering and meteorological research 
efforts by examining the subject of proper tornado scaling—i.e., the relationship between 
experimentally produced tornadoes in a physical tornado simulator and the meteorological 
observations of actual tornadoes in the atmosphere.  
Tornadoes are defined as violently rotating columns of air that connect a thunderstorm cloud 
with the surface. The high frequency of occurrence of supercells over North America relative 
to other areas around the globe makes this region more prone to tornadoes than any other part 
of the world (Brooks et al., 2003; Bosart et al., 2004). The US Storm Prediction Center (SPC) 
within the National Oceanic and Atmospheric Administration (NOAA) documented 56,457 
tornadoes in the period 1950–2011; out of which 33,756 resulted in reported damage and more 
than US$ 28 billion in property losses (Simmons et al., 2013). Due to the wide-ranging damage 
that tornadoes can inflict on structures and the environment (e.g., crops and trees), the 
Enhanced Fujita (EF) scale was proposed by McDonald et al. (2006) as the successor of the 
Fujita (F) scale to rate tornado intensity. The EF scale is a damage-based measure of tornado 
strength with the EF0- and EF5-rated tornadoes being in respective order the weakest and 
strongest tornadoes in nature.  
However, detailed tornado measurements in the atmosphere are still challenging and relatively 
scarce even after various technological advancements in the fields of satellite and radar 
meteorology over the last several decades. The observations are limited by the short lifespans 
of tornadoes, their rapid evolution, unpredictable paths, and their small scales concerning the 
rest of the thunderstorm cloud (Kurdzo et al., 2017). While some observational studies of 
tornadoes and supercells were carried out using mobile radar platforms such as the Rapid-Scan 
Doppler on Wheels (Wurman et al., 2007), the Mobile Weather Radar 2005 X-Band Phased 
Array (Bluestein et al., 2010), the rapid X-band polarimetric radar (Pazmany et al., 2013), and 
the Atmospheric Imaging Radar (Isom et al., 2013), there is a lack of near-surface velocity 
measurements in tornadic flow fields. The corner and boundary layer regions in tornadoes 
(Davies-Jones et al., 2001) are the closest to the ground and therefore the most difficult to 
probe. Kosiba and Wurman (2013) further discussed that most of the current tornado 
measurements are examining the core region of tornadoes with the lowest sampling elevation 
above 40 m above ground level (AGL). However, in the field of wind engineering and 
structural resilience, the most important region of a tornado flow field is in the layer below 
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approximately 50 m AGL—i.e., the region where people, most of the structures, and the 
environment (e.g., trees) are all situated. Wind engineering studies of tornadic wind fields and 
associated wind pressures employ tornado simulators (e.g., Letchford et al., 2002; Rotunno, 
2013; Hangan et al., 2017) to produce tornado-like vortices (TLVs) under controlled conditions 
that foster repeatable physical experiments of tornado-structure interactions. Physical 
simulations of tornadoes have proven to be successful at reproducing some of the main features 
of actual tornadoes that are of importance in wind engineering (Haan et al., 2008; Mishra et 
al., 2008a; Refan and Hangan, 2016; Tang et al., 2016; Hangan et al., 2017; Tang et al., 2018; 
Hangan et al., 2019). Similar to the physical experiments, numerical simulations have also 
been a valuable tool that offers great flexibility of inflow and boundary conditions, various 
turbulence parameterizations, and model adjustments that are often useful in this type of 
research (Zhang and Sarkar, 2012; Natarajan and Hangan, 2012; Nolan et al., 2017). However, 
the accuracy of turbulence modeling—i.e., the peak values of velocity and pressures—in 
numerical models is still not at the level of physical experiments. 
As examined in Church et al. (1979), the goal of all physical tornado simulations is to produce 
TLVs that resemble the actual tornadoes as close as possible. Some of the better-known 
tornado simulators are the Ward-type simulator (Ward, 1972), the Purdue University simulator 
(Church et al., 1977), the Texas Tech University (TTU) simulator (Wang et al., 2001), the 
VorTECH simulator (Mishra et al., 2008a), the Iowa State University (ISU) simulator (Haan 
et al., 2008), the Mini ISU (1:3 scale of the actual ISU) chamber at Western University 
(Hashemi Tari et al., 2010), the Model Wind Engineering, Energy and Environment Dome 
(MWD, 1:11 scale of the WindEEE Dome) at Western University (Refan et al., 2014), and the 
Wind Engineering, Energy and Environment (WindEEE) Dome also at Western University 
(Refan and Hangan, 2018). Overall, these simulators produce reduced scale TLVs by 
employing one or multiple fans to create suction and, at the same time, using different guide 
vane systems to develop circulation inside the tornado chamber. This study utilizes the 
WindEEE Dome simulator due to its possibility to create larger-scale tornadoes (Hangan et al., 
2017) and the demonstrated relationship between the WindEEE Dome TLVs and actual 
tornadoes (Refan and Hangan, 2016). So far, all studies above and the references therein, have 
documented TLVs with the geometric scales below 1:100. This paper will demonstrate the 
capability of the WindEEE Dome to generate large-scales TLVs with geometric scales above 
1:100 (Ashrafi et al., 2018; Ashrafi et al., 2019). The similitude between the experiment and 
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reality is an important part of any experimental work including the physical simulation of 
tornadoes (Refan et al., 2014). The shortage of TLV wind loading studies in comparison to the 
classical wind engineering studies on synoptic winds is mainly attributed to an unidentified 
relationship between simulated and actual tornadoes, as well as the small scale of the current 
TLVs. Refan et al. (2014) successfully implemented the tornado scaling methodology of 
(Hangan and Kim, 2008) that proposes the proper geometric and velocity scales of the TLVs 
based on a few governing parameters of tornadic flow fields that can be obtained from both 
experiments and actual tornado measurements (albeit more challenging in actual tornadoes). 
These parameters are the maximum tangential velocity (𝑉𝑚𝑎𝑥,𝑡) in a tornado, its radial position 
from the center of the tornado vortex (𝑟𝑚𝑎𝑥), and its height AGL (𝑧𝑚𝑎𝑥). The WindEEE Dome 
simulator can manipulate TLVs by employing a combination of six upper fans that are used to 
create suction, the louvers installed along the periphery of the test chamber to develop 
circulation in the inflow, and the network of peripheral fans to inject additional momentum to 
the inflow (Hangan et al., 2017). Refan et al. (2014) and Refan and Hangan (2018), however, 
only explored the first two governing mechanisms (i.e., the suction fans and directional 
louvers) in their research of TLVs. Their studies concluded that the employment of upper fans 
and peripheral louvers—without the peripheral fans—in the WindEEE Dome produces TLVs 
that geometrically scale between 1:300 to 1:150 to four full-scale tornado flow fields observed 
using mobile Doppler radars in the US (Refan and Hangan, 2016). Also, they reported the 
velocity scale between 1:4 and 1:2 for their TLVs and the actual tornadoes that were ranging 
between EF1- and EF2-rated tornadoes. Further, Mishra et al. (2008b) tested an idealized 
cubical building with a geometric scale of approximately 1:3500 to a single-cell TLV in the 
TTU Vortex Simulator. Also, Haan et al. (2010) subjected a 1:100 scale model of an idealized 
gable roof building to the TLVs produced in the ISU tornado simulator. However, this 
geometric scale in the TTU Vortex Simulator has no clearly defined relationship to actual 
tornadoes. Geetha Rajasekharan et al. (2013) analyzed the net pressures as a function of 
building position to the TLV center in the Tokyo Polytechnic University tornado simulator that 
produces TLVs with the geometric scale of about 1:1000. More recently, Baker and Sterling 
(2019) used dimensional analysis to discuss the capabilities of different tornado chambers to 
produce various TLVs. Overall, the existing tornado simulators have not demonstrated the 
capability of creating large-scale TLVs (larger than 1:100) that can facilitate the wind 
engineering testing of small-scale structures such as lighting poles, low-rise buildings, certain 
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types of transmission towers, as well as aeroelastic testing for wind-structure interaction. To 
contribute further in the field of experimental investigation of TLVs, this paper introduces a 
large-scale TLV that can further explore tornado vortex dynamics, as well as tornado wind 
actions on small-scale structures including their aeroelastic response. Section 2 describes the 
scaling methodology and the experimental setup in the WindEEE Dome simulator. Section 3 
presents the results in terms of velocity and surface pressure measurements in the tested TLVs, 
as well as flow visualization imaging of this newly produced TLV. The comparison between 
the experimentally generated TLVs in this study and actual tornadoes is also discussed in 
Section 3. Section 4 provides the main conclusions of this work.  
 
2.2. Experiment setup and scaling methodology 








 . (1) 
 
Here, 𝛼 is the inflow angle (i.e., louver angle), 𝑎 = ℎ 𝑟0⁄  is the aspect ratio (ℎ is the inflow 
height and 𝑟0 is the updraft radius), 𝑄
′ = 𝑄/ℎ is the volumetric flow rate (𝑄) per axial unit (ℎ), 
and 𝛤∞ = 2𝜋𝑟𝑚𝑎𝑥𝑉𝑚𝑎𝑥,𝑡 is the free-stream circulation. Physically, 𝑆 is interpreted as the ratio 
of tangential velocity and the mean axial velocity in the updraft (Davies-Jones, 1973). Also, 
tan−1( 𝑆) represents a streamlined helix angle. As such, 𝑆 is the critical parameter in the vortex 
breakdown theory of TLVs structure (Benjamin, 1962). Different vortex patterns ranging from 
the laminar vortex, single vortex with break down bubble, vortex touch down, intertwined 
spiral vortices, and multiple vortices have been observed as a function of 𝑆 in many qualitative 
and quantitative studies (e.g., Ward 1972; Church et al., 1979; Refan et al., 2014; Davies-Jones, 
2015; and recently based on modal decompositions, Karami et al., 2019; Karami et al., 2020). 
The WindEEE Dome at Western University (Fig. 2.1.a) is a hexagonal wind testing chamber 
capable of simulating different types of wind systems including various TLVs (Hangan et al., 
2017). Until the present work, the TLVs in the WindEEE Dome were produced using only a 
combination of six fans in the upper chamber to generate an updraft and the louver vanes along 
the testing chamber periphery to create circulation in the inflow (Fig. 2.1.b). The test chamber 
and the upper plenum are connected through an opening that is referred to as the bell-mouth. 
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Different couplings between the flow suction through the bell-mouth and the swirl at the 
surface create TLVs of various sizes and structures. The flow rate of upper fans, the size of the 
bell-mouth opening, as well as the direction of louver vanes can be regulated and adjusted 
through a sophisticated control system. The test chamber is 25 m in diameter and 






Fig.  2.1. (a) Schematic of the WindEEE Dome at Western University and (b) the 




In addition to the TLV generation that was described in the previous paragraph—and employed 
by Refan and Hangan (2018)—another mode of the TLV generation in the WindEEE Dome 
was proposed earlier in (Hangan et al., 2017). Besides the upper fans and the louvers, they 
suggested the utilization of the peripheral fans installed at the base of the six walls of the testing 
chamber, behind the louvers, as an additional source of angular momentum for the inflow. 
Hereafter, the TLVs created using only top fans and louvers, as in Refan et al. (2014) and 
Refan and Hangan (2018), are referred to as Mode A TLVs, whereas the Mode B TLVs are the 
ones created in this study using the combination of upper fans, louvers, and the peripheral fans 
in the testing chamber.  
 
 
Fig.  2.2. Turntable with the location of Cobra probes mast (squares) for tangential velocity 
(𝑉𝑡) measurements aligned along the tangential direction. 
 
All velocity measurements in this study were conducted using Cobra probes (Turbulent Flow 
Instrumentation, 2015). The Cobras are multi-hole pressure probes designed to measure three 
components of velocity in turbulent flows. These robust probes measure the velocity of the 
incoming airflow within a cone shape of 45°. The sampling frequency of velocity 
measurements in all experiments was 1250 Hz. The applicability of the Cobra probes to 
measure highly three-dimensional flow fields similar to and including those in TLVs was 
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previously demonstrated by Refan and Hangan (2018). The accuracy of velocity measurements 
is dependent upon turbulence levels but is overall within ±0.5 m s–1 and ±1° pitch and yaw up 
to approximately 30% turbulence intensity. 
 
 
Fig.  2.3. Locations of the Cobra probes (squares) used for the axial velocity (𝑉𝑎𝑥) inside 
the bell-mouth cross-section aligned along the axial direction. The mean axial velocity is 
used in the calculation of the mean flow rate. 
 
The TLVs flow field near the surface was measured with a total of ten Cobra probes installed 
on a mast at the heights (𝑧) of 0.03, 0.055, 0.08, 0.105, 0.130, 0.155, 0.175, 0.205, 0.225, 0.250 
m above the floor (Fig. 2.2). Radially, the mast was positioned at eight different radii (𝑟) 
starting from 0.4 to 1.8 m from the turntable center, with a 0.2-m increment and are aligned 
along the tangential direction. In addition to this, the velocity measurements were also 
conducted at six different azimuthal positions (𝜃 = 0°, 60°, 120°, 180°, 240°, 300°) in the flow 
(see Fig. 2.2) to investigate the asymmetry of the Mode B TLVs in respect to the geometric 
center of the turntable (𝜃=270° is toward to the 60-fan wall). The measurements were repeated 
for different louver angles (i.e., 𝛼) in order to obtain different values of 𝑆. As demonstrated 
later in this section, these measurements at different values of 𝑆 are also needed in the context 
of the adopted tornado scaling methodology (Refan et al., 2014). The velocity-time histories 
in the inner part of the TLVs (𝑟 < 0.4 m) were not obtained due to the limitations of Cobra 
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probes to accurately measure low velocities (approximately below 1 m s–1 and at the pitch and 
yaw angles near 45°). Also, turbulent intensities which will be discussed in section 3.4. are 
high for the inner part of the core region compared to the outer part. Due to these limitations, 
the first measurement started from 𝑟 = 0.4 m. The sampling time of all measurements was 60 
s. The flow rate in the updraft (𝑄𝑎𝑥) was calculated from the mean axial velocity (𝑉𝑎𝑥, i.e., 
updraft velocity) measurements that were acquired at the bell-mouth’s upper exit located at 𝐻0 
= 4.6 m above floor (Fig. 2.1 and Fig. 2.3). The position of the Cobra probes that were oriented 
perpendicular to the cross-sectional area of the bell-mouth is shown in Fig. 2.3. 
 
 
Fig.  2.4. Distribution of pressure taps on the turntable surface. 
 
The surface pressure measurements were conducted to examine the surface layer structure of 
the TLVs and to further analyze some of the dynamical characteristics of this vortex. A 
rectangular floor panel equipped with 489 pressure taps was used to measure the pressure 
deficit (Δ𝑝) at the floor level (Fig. 2.4). The higher density of pressure taps in the middle 
section of the panel was used to acquire more data in the core region of the generated TLVs. 
The pressure system consists of sixteen electronically scanned pressure (ESP) scanners and 
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two digital temperature compensation (DTC) Initiums (Pressure Systems, Inc.). The pressure 
taps with 1.33 mm inner diameter were connected to pressure scanners (pressure range ± 1 
kPa) through 0.3 m long PVC tubes. Besides, two restrictors of PVC tubes with 0.33 m long 
and an internal diameter of 0.9 mm were considered in order to add damping to the resonant 
system of pressure tubes which the frequency response of this tubing array is around 200 Hz. 
The scanners have an accuracy of ±0.03%. Digital Temperature Compensation Initiums were 
used to control pressure scanners and acquire the differential pressures (𝛿𝑝𝑖 = 𝑝𝑖 − 𝑝0; i.e., the 
differential pressure at the 𝑖th tap). The reference pressure (𝑝0) was the atmospheric pressure 
measured outside of the testing chamber. In addition to the scanner's error (±0.03%), the 
uncertainty of the Initiums was ±0.05% across the entire 0–70°C temperature range. The 
sampling frequency of the pressure measurements was 500 Hz. 
Following Hangan and Kim (2008) and Refan et al. (2014), the proper geometric scale of the 
Mode B TLVs was derived using the measurements of the two characteristic lengths in actual 
tornadoes (i.e., prototype; subscript “po”) and produced TLVs (i.e., model; subscript “mo”); 
namely, 𝑓(𝑆) ≡ 𝑟𝑚𝑎𝑥,𝑝𝑜 𝑟𝑚𝑎𝑥,𝑚𝑜⁄  and 𝑔(𝑆) ≡ 𝑧𝑚𝑎𝑥,𝑝𝑜 𝑧𝑚𝑎𝑥,𝑚𝑜⁄  ( 𝑆  is the swirl ratio). The 
geometric scale (𝜆𝐿) was determined based on the intersection of these two scales at a certain 
swirl ratio (Refan et al., 2014), i.e.:  
 
𝑓(𝑆) = 𝑔(𝑆). (2) 
 
The velocity scale (𝜆𝑉) between the TLVs and an actual tornado was calculated as the ratio 
𝑉𝑚𝑎𝑥,𝑡,𝑝𝑜 𝑉𝑚𝑎𝑥,𝑡,𝑚𝑜⁄  (Refan et al., 2014). Lastly, the time scale (𝜆𝑇) was obtained as the ratio 
of length scale (𝜆𝐿) through the velocity scale (𝜆𝑉).  
 
2.3. Results and discussion 
2.3.1. Flow rate and radial Reynolds number  
The mean axial velocity increases towards the edge of the updraft (Fig. 2.5). This velocity 
distribution in the updraft might appear counterintuitive because the velocity increases towards 
the no-slip surface (i.e., the edge of the bell-mouth). However, this result corroborates well the 
observed dynamics of TLVs at the value of 𝑆 above approximately 0.3. In this regime, the TLV 
flows become highly turbulent and the adverse axial pressure gradient that develops drives the 
radial expansion of the turbulent core in the upper regions of the updraft (Benjamin, 1962; 
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Hall, 1966; Hall, 1972). The critical value that marks the transition from laminar to turbulent 
vortex is also Reynolds number dependent (Fig. 2.6). The transition to turbulence decelerates 
the updraft around its centerline and causes the shift of the region with the maximum vertical 
velocities to an annular ring that surrounds the vortex breakdown bubble. As shown later in 
this section, the values of 𝑆 associated with the TLVs generated in our experiments are all 
above 0.3.  
 
 
Fig.  2.5. Mean axial velocity (𝑉𝑎𝑥) distribution on bell-mouth cross-section (from the center 
to edge). 
 
Based on Fig. 2.5, the mean axial velocity in the updraft is estimated after fitting the measured 
data with a 4-degree polynomial curve and is calculated using an area-weighted average which 
the resulting 𝑉𝑎𝑥 was 4.46 m s
-1. Knowing that 𝑄𝑎𝑥 = 𝜋𝑟0
2𝑉𝑎𝑥, where 𝑟0 = 2.25 m is the updraft 
radius at the bell-mouth, the mean axial-flow rate is 70.93 m3 s-1. This value is further divided 
by the unit axial length (ℎ = 0.8 m is the inflow height, Fig. 2.1) to obtain the non-dimensional 
value of 𝑆 [Eq. (1)]. Besides, recall that theoretically, the axial flow rate is equal to the radial 
flow rate integrated over the testing chamber circumference (Fig. 2.1) due to the closed-loop 
design of the WindEEE Dome simulator (i.e., 𝑄𝑟 = 𝑄𝑎𝑥 = 𝑄).  
The flow rate is further used to calculate the radial Reynolds number (𝑅𝑒 = 𝑄′/2𝜋𝜈; where 𝜈 
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is the kinematic viscosity of air) of the Mode B TLVs. The estimated value of 𝑅𝑒 around 106 
(𝑅𝑒 =9×105) in our experiments is three to five orders of magnitude below the likely value in 
actual tornadoes (Church et al., 1979). However, as demonstrated by Church et al. (1979), the 
flow structure of TLVs becomes independent of 𝑅𝑒 for values exceeding around 3×105 (Fig. 
2.6). Therefore, the structure of the Mode B TLVs is only dependent on the value of 𝑆. The 
obtained 𝑅𝑒 is in the same range as in the Mode A TLVs (𝑅𝑒 =1×106) from Refan and Hangan 
(2018), which, in both cases, is the highest 𝑅𝑒 achieved in an experimental reconstruction of 
tornadoes. Both Refan and Hangan (2016) and Refan and Hangan (2018) have demonstrated 
that the surface static pressure distribution is weakly dependent on 𝑅𝑒 after approximately 𝑅𝑒 
= 4.5×104. Similar findings, but for different design geometry of tornado simulators, were also 




Fig.  2.6. The relationship between 𝑅𝑒 and 𝑆 that governs the structure of TLVs developed 
in Church et al., 1979. In the legend, L and T stand for laminar and turbulent vortices, 
respectively. The values corresponding to Mode A and Mode B TLVs in the WindEEE 
Dome are indicated as symbols 
 
2.3.2. Surface pressure field 
A closer examination of the surface pressure deficit highlights some of the key features of the 
produced TLVs (Fig. 2.7). We first observe that the internal structure of the Mode B TLVs 
alternates among one, two, and three cells. The cellular structure of TLVs is inherently related 
to 𝑆 (see Fig. 2.6). As the value of 𝑆 increases beyond approximately 0.45, the breakdown 
bubble touches the surface and develops a strong downdraft in the centerline region of the 
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TLV. The value of 𝑆 associated with the Mode B TLVs is governed by the louver vane angle 
and it drifts in the narrow range between 0.814 and 0.853. This range of 𝑆  indicates the 
existence of two to three intertwining spiral vortices that are separated by the centerline 
downdraft (Ward, 1972). This flow regime is also known as the 2- and 3-cell TLVs, 
respectively (Church et al., 1977; Snow, 1982; Davies-Jones et al., 2001).  
 
 
(a) (b)                    (c) 
Fig.  2.7. Contours of the normalized instantaneous pressure deficit, Δ𝑝(𝑡), on the surface 
of Mode B TLVs (normalized by 𝑉𝑚𝑎𝑥,𝑡 = 7.13 m s
–1 and 𝑟𝑚𝑎𝑥=1.2 m). The 1- to 3-cell 
vortex structures (𝑆=0.853) are shown in (a) to (c), respectively. The time label indicates 
the elapsed time from the start of the experiment (0 to 60 s). 
 
The largest instantaneous pressure deficit (Δ𝑝(𝑡)) in the case of single-cell (Fig. 2.7.a) is 
concentrated over the small area and the TLV produces a higher pressure deficit than what is 
observed in the cases of two and three cells. However, at another time instant, the Mode B 
TLVs resemble a 2-cell structure (Fig. 2.7.b). In this case, the pressure deficit contours show 
two cores that are rotating counterclockwise around the common center. Occasionally, the 
Mode B TLVs further transition to a 3-cell structure (Fig. 2.7.c). In the 2- and 3-cell cases, the 
regions with the maximum pressure deficit are spread over a larger area than in the 1-cell case. 
As a result, the pressure deficit reduces in comparison to the 1-cell vortex. In this regard, Fig. 
2.7 demonstrates that the number of cells is inversely proportional to the magnitude of pressure 
deficit in the center of the cells. Similar findings were reported by Church and Snow (2011) in 
their TLV simulator. In the Mode B TLVs, the pressure deficit in the 1-cell vortex is 
approximately 1.7 and 2.5 times higher than in the center of 2- and 3-cell vortices, respectively. 
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The 1-cell structure is by far the most commonly observed flow regime in the Mode B TLVs 
(Fig. 2.8). Further, the 2-cell structure is almost 3 times more frequent than the 3-cell TLVs. 
The maximum pressure deficit is usually observed around 𝑆 ≈ 0.76 (Refan and Hangan, 2018) 
and this flow regime still corresponds to a 1-cell TLV. At 𝑆 = 1.03, the same study reported 
the existence of two or three cells in the TLVs, which therefore indicates that the intermediate 
range of 𝑆 values in the Mode B TLVs produces dynamically evolving vortices that transition 
among one, two, and three cells. However, the 3-cell structure is the least common as the 
observed range of swirls is closer to the 1-cell regime. 
 
 
Fig.  2.8. Histogram of the cellular structure of the Mode B TLVs (𝑆=0.853). 
 
The phenomenon of vortex wandering (Baker et al., 1974; Edstrand et al., 2016) affects the 
TLVs in addition to the alternating cellular structure of these vortices by randomly displacing 
the center of TLVs in the horizontal plane (Ashton et al., 2019). This dynamic of vortex 
instability was recently investigated by Karami et al. (2019) and Karami et al. (2020) in a study 
that examined coherent structures of TLVs reported in Refan et al. (2014). In this regard, the 
position of the center for different structures of TLV in Mode B has been examined and plotted 
in Fig. 2.9. The results demonstrate that the vortex wandering is in the nature of TLVs (Ashton 
et al., 2019). It is observed that the more cells are present inside TLVs, the fewer wandering 
effects are present (see Fig. 2.9). The effects of wandering were removed before the following 
analysis of the azimuthally averaged pressure field based on the re-centering procedure 
proposed by Ashton et al. (2019). The normalized mean pressure deficit (Fig. 2.10) further 
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illustrates the differences between 1-, 2- and 3-cell TLVs. 
 
 
Fig.  2.9. Distribution of vortex centers in the 1-, 2-, and 3-cell structures of Mode B TLVs 
around the center of the turntable (the elapsed time from 0 to 30 s with a frequency of 20 
Hz for 𝑆=0.853 and normalized by 𝑟𝑚𝑎𝑥=1.2 m). 
 
Besides, the pressure deficit (𝛥𝑝) in the idealized modified Rankine vortex model, similar to 






  (3) 
 
where 𝜌  = 1.184 kg m–3 is the air density during the tests.  
Essentially all data (i.e., the overall mean pressure deficit) and the 1-cell follow a typical 
Rankine vortex of a 1-cell vortex showing the lowest pressure deficit than the other two vortex 
structures. With increased cell numbers the pressure deficit is decreasing as commented above. 
Furthermore, the trend in Fig. 2.10 for 2- and 3-cell vortex structures demonstrate that 𝛥𝑝 is 
decreasing from the centerline downdraft (𝑟/𝑟𝑚𝑎𝑥 = 0) toward the center of one of the cells  
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(0.5< 𝑟/𝑟𝑚𝑎𝑥 < 0.75) where the maximum pressure deficit occurs. Afterward, the pressure 
deficit converges to zero in the outer region (see Fig. 2.10). 
 
 
Fig.  2.10. Distribution of mean pressure deficit normalized by 𝑉𝑚𝑎𝑥,𝑡 = 7.13 m s
–1 and 
𝑟𝑚𝑎𝑥=1.2 m
 at different radii for the Mode B TLVs (𝑆=0.853). 
 
2.3.3. Mean velocity field 
We firstly focus on determining  𝑉𝑚𝑎𝑥,𝑡 and its corresponding height (i.e., 𝑧𝑚𝑎𝑥) and radius 
(i.e., 𝑟𝑚𝑎𝑥) for the Mode B TLV (Fig. 2.11). Furthermore, the variation of tangential velocity 
with radii for different heights are also compared to a modified Rankine analytical model 







A limited height dependency of the radial profiles of 𝑉𝑡 is observed in the inner region (for 
0.33 < 𝑟/𝑟𝑚𝑎𝑥 < 0.6) of this TLV because of the lower velocity of rotation. With increasing 
𝑟, the spread between the radial profiles at different heights increases (Fig. 2.11.a) due to 
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intensifying of 𝑉𝑡 around the core region. On the other hand, the location of the height of 𝑉𝑚𝑎𝑥,𝑡 
is easily identifiable beyond 𝑟 = 0.5𝑟𝑚𝑎𝑥  (Fig. 2.11.b). The value of 𝑧𝑚𝑎𝑥  is consistently 






Fig.  2.11. (a) Radial and (b) Vertical profiles of normalized 𝑉𝑡 at the azimuthal location 
𝜃=300° and 𝑆=0.853 (normalized by 𝑉𝑚𝑎𝑥,𝑡 = 7.13 m s
–1, 𝑟𝑚𝑎𝑥=1.2 m and 𝑧𝑚𝑎𝑥=0.1 m). 
 
However, Fig. 2.11.b also demonstrates that the height of 𝑉𝑡 is similarly dependent on 𝑟. That 
is, for 𝑟 < 𝑟𝑚𝑎𝑥 the height of 𝑉𝑡 decreases moving towards the center of the TLV (excluding 
the inner two radial locations). The absence of a well-defined nose-shape 𝑉𝑡 profile is observed 
for 𝑟 ≤ 0.5𝑟𝑚𝑎𝑥 . Instead, the opposite trend is observed for 𝑟 > 𝑟𝑚𝑎𝑥  and the height of 𝑉𝑡 
increases with increasing 𝑟, which indicates a conical shape of the TLV. This trend is expected 
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in the boundary layer region (the so-called Region II) of TLVs, as well as in actual tornadoes 
(Rotunno, 1986; Davies-Jones et al., 2001; Davies-Jones, 2015). The same trend was predicted 
for the theoretical formulation of the TLV boundary layer in Chi et al. (1969). 
These findings are further confirmed in the 𝑟-𝑧 sectional plot of 𝑉𝑡 (Fig. 2.12). This time in 
dimensional form, we observe that the region characterized with the highest tangential 
velocities is concentrated in a thin horizontal layer at 0.1 m above the surface and between 
approximately 1.0 and 1.2 m from the TLV center. Then, 𝑉𝑡 reduces toward the core center at 
all heights, but the decline is more rapid below approximately 0.25 m above the surface due to 
surface friction. The region above this height and radially beyond about 1 m exhibits the feature 
of the tornado outer region in which the angular momentum in the inflow is conserved and 
therefore there is a decrease of the 𝑉𝑡 away from the core (e.g., at the height 0.5 m above the 
surface). At the same height, but for 𝑟 < 1 m, the 𝑉𝑡 decreases rapidly as the flow moves to the 




Fig.  2.12. Contour plot of 𝑉𝑡 as a function of radius and height (𝜃=300° and 𝑆=0.853). 
 
The azimuthal distribution of 𝑉𝑚𝑎𝑥,𝑡 (Fig. 2.13) illustrates a bias in the center of the TLVs in 
the direction of 𝜃 = 60°. The shift is likely due to the wandering phenomenon (Ashton et al., 
2019) that was discussed previously in this section. The highest value of 𝑉𝑚𝑎𝑥,𝑡 is observed for 
𝑆 = 0.814. At the same time, the 𝑟𝑚𝑎𝑥 for this 𝑆 is the lowest, thus indicating that the TLVs 
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with the smaller core produce higher 𝑉𝑚𝑎𝑥,𝑡. This is in accordance with the results for the Mode 
A TLVs from Refan and Hangan (2018) which are all narrower and stronger (i.e., higher 
velocity) than the Mode B TLVs. 
 
 
a) 𝑆=0.814 b) 𝑆=0.853 
Fig.  2.13. Azimuthal distribution of normalized 𝑉𝑚𝑎𝑥,𝑡 and its corresponding normalized 
𝑟𝑚𝑎𝑥 for different values of 𝑆 at the height 𝑧𝑚𝑎𝑥=0.1 m on the turntable (normalized by 
𝑉𝑚𝑎𝑥,𝑡 = 7.13 m s
–1 and 𝑟𝑚𝑎𝑥=1.2 m at 𝜃 =300° for 𝑆=0.853). 
 
Fig. 2.14.a presents profiles of the mean radial velocity component (𝑉𝑟) for different radii and 
heights from the center of the TLV. The maximum negative (i.e., directed towards the center 
of the TLV) value of 𝑉𝑟 is observed at the very lowest measurement height, near the turntable 
surface which according to previous studies (e.g., Ying and Chang, 1970, Church et al., 1977, 
Lewellen et al., 2000, and Haan et al., 2008), results from the combination of a reduced 𝑉𝑡 near 
the surface (nose-shape in Fig. 2.11. (b)) as well as a strong radial pressure gradient received 
from the larger 𝑉𝑡 of the flow above. Besides, beyond the core radius, 𝑉𝑟 increases especially 
near the surface. On the other hand, the radial velocity values decrease as the flow approaches 
the centerline of TLV (inside the core radius) with the minimum velocity observed close to the 
center of the vortex. This trend is a direct result of the radial velocity turning into the axial 
velocity in the core region and is in good agreement with previous observations (e.g., Refan et 
al., 2014, Refan and Hangan, 2018). Also, 𝑉𝑟 at each radial position inside the representative 






Fig.  2.14. (a) Radial velocity and (b) Axial velocity profiles for different radii and heights 
at the azimuthal location 𝜃=300° and 𝑆=0.853 (normalized by 𝑉𝑚𝑎𝑥,𝑡 = 7.13 m s
–1,  
𝑟𝑚𝑎𝑥=1.2 m, and 𝑧𝑚𝑎𝑥=0.1 m). 
 
Table 2.1. Governing parameters of the Mode B TLVs for different values of 𝑆. 
 Mode B Mode A 
𝑆 0.814 0.853 0.21 0.48 0.59 0.76 1.03 
𝑉𝑚𝑎𝑥,𝑡 [m s
-1] 8.78 7.13 8.8 11.5 12.8 13.8 16.2 
𝑟𝑚𝑎𝑥 [m] 0.93 1.2 0.27 0.45 0.42 0.6 0.69 
𝑧𝑚𝑎𝑥 [m] 0.1 0.1 0.2 0.2 0.2 0.2 0.2 
Δ𝑝 [kPa] – -0.1 -0.131 -0.202 -0.218 -0.224 – 
 
 
Alternatively, profiles of the axial velocity (𝑉𝑎𝑥) near the surface for different radii and heights 
are displayed in Fig. 2.14.b. Generally, the variation with the height of these profiles is small. 
Towards the centerline and close to the surface, the radial and axial velocities are equal, as a 
result of a two-cell structure in that region. Similar to 𝑉𝑟, the maximum value of 𝑉𝑎𝑥 is beyond 
the core radius around 𝑧𝑚𝑎𝑥 and is in good agreement with previous observations (Wan and 








Fig.  2.15. Comparison between the normalized tangential velocity (𝑉𝑡) in Mode A (Refan 
and Hangan, 2018) and Mode B TLVs: (a) radial profiles and (b) vertical profiles 
(normalized by 𝑉𝑚𝑎𝑥,𝑡 = 16.2 m s
–1, 𝑟𝑚𝑎𝑥=0.69 m and 𝑧𝑚𝑎𝑥=0.2 m). 
 
A more detailed comparison between Mode B and Mode A (Refan and Hangan, 2018) TLVs 
is shown in Table 2.1. The Mode B TLVs have approximately half 𝑉𝑚𝑎𝑥,𝑡 and about twice 𝑟𝑚𝑎𝑥 
than the Mode A TLVs (Fig. 2.15.a). The Mode A TLVs are characterized by 𝑧𝑚𝑎𝑥 = 0.2 m 
that is about twice the value in the Mode B TLVs (Fig. 2.15.b). With considering the upper 
fans and the louver angles for these two modes of TLVs in the WindEEE Dome, the factor that 
governs the above differences is the inclusion of the peripheral fans in the generation of the 
Mode B TLVs. This additional momentum injected into the inflow in the direction of the 
louvers (i.e., not radially towards the simulator’s center) broadens the vortex in comparison to 
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the Mode A TLVs. Therefore, the spiraling trajectory of an air parcel in Mode B is longer than 
in the Mode A TLVs due to added momentum from the peripheral fans. This process further 
reduces the 𝑉𝑡 in the vortex and lowers the height of the surface layer bellow the 𝑉𝑚𝑎𝑥,𝑡. On 
the other hand, it is observed that 𝑉𝑟 near the centerline and the surface in Mode A (Refan and 
Hangan, 2018) has larger negative values compared to Mode B (Fig. 2.14.a). This is interpreted 
as a larger convergence of the flow and therefore a larger axial component of velocity for Mode 
A. In correspondence with the stretching term of the vorticity equation (e.g. Petitjean, 2003), 
the alignment of the axial velocity with the axial vorticity intensifies vortex stretching in Mode 
A. The lower converging radial velocity corresponding to lower axial velocity for Mode B is 
therefore indicative of less stretching which translates into the increased tornado radius in 
Mode B. The size difference between these two TLVs is further depicted in Fig. 2.16 which 
shows flow visualizations of both TLVs. Clearly, the Mode B TLVs are depicted as wider than 
the Mode A TLVs.  
 
 
(a) Mode A (b) Mode B 
Fig.  2.16. Flow visualization between the Modes A and B TLVs, (a) and (b), respectively. 
The flow is visualized using a smoke generator. 
 
2.3.4. Turbulent velocity field 
While in the wind engineering field the turbulent intensities are important, characterization of 
the turbulence field in TLVs is very scarce (e.g., Hashemi Tari et al., 2010, Wang et al., 2017, 
and Tang et al., 2018). This is due to the complexity of the TLV fluctuating flow field which 
is a superposition of large-scale fluctuations generated by wandering, sub-vortex dynamics, 
and random turbulence (Karami et al, 2019). Fig. 2.17 presents profiles of the turbulence 
intensity components (𝑇𝐼𝑢, 𝑇𝐼𝑣, 𝑇𝐼𝑤 in tangential, radial, and axial direction, respectively) at 
different locations. These profiles are all normalized by 𝑉𝑚𝑎𝑥,𝑡 = 7.13 m s
–1, 𝑟𝑚𝑎𝑥=1.2 m and 
 
33 
𝑧𝑚𝑎𝑥=0.1 m. All 𝑇𝐼 components are increasing as moving towards the center of the TLV which 
is attributed to the intense shear in the core region. Both 𝑇𝐼𝑢 and 𝑇𝐼𝑣 reach maximum values 
near the surface and in the core which are almost constant with height above the surface. For 
the 𝑇𝐼𝑤 component, higher fluctuations are observed in the upper layer compared to the surface 
layer partially due to the complexity of the multiple cell flow above and the suppression of the 
vertical fluctuations by the surface. 
Although the structure of the ABL flow is completely different from tornadic flows, the ABL 
profile for the 𝑇𝐼 is added for the 𝑇𝐼𝑢 case (Fig. 2.17.a). The ESDU (Engineering Sciences 
Data Unit) turbulence profile for the ABL with a 1:50 length scale and a smooth surface is 
similar in magnitude to the 𝑇𝐼𝑢 levels at the core radius of the Mode B TLV. 
 
 
(a) (b) (c) 
Fig.  2.17. Profiles of turbulent intensity components, 𝑢, 𝑣, and 𝑤 shown in (a) to (c), 
respectively, for different heights and radii at the azimuthal location 𝜃=300° and 𝑆=0.853 
(normalized by 𝑉𝑚𝑎𝑥,𝑡 = 7.13 m s
–1, 𝑟𝑚𝑎𝑥=1.2 m and 𝑧𝑚𝑎𝑥=0.1 m). 
 
2.3.5. Relation to actual tornado  
The Mode B TLVs are compared to the Rapid-Scan Doppler on Wheels radar velocity 
measurements of the Russell, Kansas (RK) tornado that occurred on 25 May 2012 (Kosiba and 
Wurman, 2013). The RK tornado was ranked as an EF2 twister with a 2-cell structure derived 
from the ground-based velocity-track display (GBVTD) analysis (Lee et al., 1999). The value 
of 𝑉𝑚𝑎𝑥,𝑡 around 46 m s
-1 was measured at 𝑟𝑚𝑎𝑥 ≈ 60 m and 𝑧𝑚𝑎𝑥 ≈ 5 m AGL. The applied 
scaling procedure from Refan et al. (2014) to the RK tornado demonstrates that the Mode B 
TLVs are characterized by the geometric scales approximately 1:50 (Fig. 2.18). This length 
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scale of Mode B is up to four times larger than the scale of the Mode A TLVs (Refan and 
Hangan, 2018). Also, the velocity scale is derived from the corresponding 𝑆 of the Mode B 
TLV, and the value is around 1:6.5. Consequently, the matching time scale of the Mode B 
TLVs to the RK tornado is 1:7.7.  
 
 
Fig.  2.18. Geometric scaling of the Mode B TLVs to the RK tornado from Kosiba and 
Wurman (2013). 
 
The derived scales are also used to scale-up the Mode B TLV and estimate the overall similarity 
between the flow fields in this experimentally produced tornado and the RK event at 0240:53 
UTC (Coordinated Universal Time). The radial profile of 𝑉𝑡 in both tornadoes are similar and 
resemble the same radial trend (Fig. 2.19.a). The similarity between the profiles is more 
pronounced in the core region (for 𝑟 < 60 m) than in the outer region. We also observe that the 
matching between the scaled-up Mode B TLV and the RK tornado in the inner region is more 
reliable than the Rankine model. However, the physical simulation follows the analytical 
formulation more closely in the outer region where both methods overestimate the actual event.  
Similarly to radial profiles, the experiments display a good match with the full-scale data for 
the vertical 𝑉𝑡 profiles as well (Fig. 2.19.b). In fact, both vertical profiles are characterized by 
the same nose-shape  with the 𝑉𝑚𝑎𝑥,𝑡 at 5 m AGL and the minimum velocity occurring in the 
region between 20 and 30 m AGL. However, the decline of 𝑉𝑡 with height is more rapid in the 
RK tornado. A contour plot of the tangential velocities in the 𝑟-𝑧 plane is presented for both 
tornadoes in Fig. 2.20. This figure further demonstrates the good agreement between the flow 
fields of the physical simulation and the RK tornado. The matching at lower elevations is better 
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than aloft—something that is of importance in the field of wind engineering and will be 






Fig.  2.19. Comparison of (a) radial and (b) vertical profiles of the tangential velocity in 
scaled-up Mode B TLV (1:6.5 for velocity and 1:50 for length) and RK tornado. Radial 
profiles are matched at 𝑧𝑚𝑎𝑥 =5 m while vertical profiles are matched at 𝑟𝑚𝑎𝑥=60 m. 
 
On the other hand, Kosiba and Wurman (2013) reported that the maximum value of the radial 
velocity component in the RK event at 0240:53 UTC is approximately 7 m.s-1 at 5 m AGL 
(i.e., the lowest height captured by the radar) which gives a ratio of 𝑉𝑟/𝑉𝑚𝑎𝑥,𝑡= 0.16. Scaling-
down the height for the RK event (5 m/50=0.1 m) corresponds to 𝑧/𝑧𝑚𝑎𝑥 = 1 in Fig. 2.14. (a) 
and results in a very similar value for the core radius profile. Therefore, it can be inferred that 
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the scaling method based on the 𝑉𝑡,𝑚𝑎𝑥 initially proposed by Hangan and Kim (2008) and 
further developed by Refan et al. (2014) results in a similar scaling for the radial and implicit 
axial components. Furthermore, based on the 1:50 and 1:6.5 for the geometric and velocity 
scaling, respectively, the 1:7.7 is derived for the time scale. In this regard, Kosiba and Wurman 
(2013) reported that the RK event formed at 0235 UTC and dissipated at 0243 UTC (8 minutes) 
which is in good agreement with the scaled sampling time (1 minute) for the Mode B TLVs. 
 
 
Fig.  2.20. The flow field of 𝑉𝑡 in the scaled-up Mode B TLV and the RK tornado. 
 
Kosiba and Wurman (2013) further used the Large Eddy Simulations (LES) from Lewellen et 
al. (2000) to estimate 𝑆 of the RK tornado. Although the estimates of 𝑆 in actual tornadoes are 
challenging, the reported range of 𝑆 values in their study were between 0.7 and 1.38. The Mode 
B TLVs are characterized by the values of 𝑆 varying between 0.814 and 0.853 (Fig. 2.18 and 
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Table 2.1). While the upper end of the estimated swirl ratios in their study exceeds that of the 
Mode B TLVs, the physical experiments match the 𝑆 of the RK tornado reasonably well. 
However, we acknowledge the uncertainty of the scaling results due to the single full-scale 
event entering this analysis. A larger database of full-scale tornadic events that contains 
velocity measurements below approximately 50 m is currently unavailable due to the various 
technical, organizational, and physical challenges that prevent radar measurements of the near-
surface velocities in actual tornadoes. 
The high level of similarity between 𝑉𝑡 fields in the Mode B TLVs and the RK tornado (Fig. 
2.19 and Fig. 2.20) deserves more discussion in the context of wind engineering applications. 
The Mode B TLVs scale up to an EF2-rated tornado, which, together with EF1-rated tornadoes 
seem to cause the majority of structural damage in the US (Bluestein and Golden, 2011). The 
large geometric scale of the Mode B TLVs (1:50) enables more sophisticated wind loading 
tests than are currently possible in other simulators or based on Mode A TLVs in WindEEE 
Dome. Moreover, the combination of the length scales and velocity scales (1:6.5) of the Mode 
B TLVs provides a ratio of the model and full-scale Froude numbers (𝐹𝑟 = 𝑉𝑐 (𝑔𝐿𝑐)
0.5⁄ , where 
𝑉𝑐 and 𝐿𝑐 are the characteristic velocity and length, respectively, and 𝑔 is the acceleration due 
to gravity) that corresponds to the properly scaled models and reality (i.e., 𝐹𝑟= 1). This value 




The WindEEE Dome at Western University is used in a new way to produce unprecedented 
large-scale tornado-like vortices (TLVs). This new Mode B involves the additional forcing of 
the peripheral fans in addition to the louvers system and the upper fans used for previous (Mode 
A) studies. The results of these simulations were analyzed in terms of both surface pressure 
and velocity field measurements. When compared to Mode A TLVs, the Mode B TLVs are 
characterized by lower maximum tangential velocities (𝑉𝑚𝑎𝑥,𝑡), larger core radius (𝑟𝑚𝑎𝑥) and 
a lower height of the maximum tangential velocity (𝑧𝑚𝑎𝑥 ). The Mode B TLVs are also 
compared to full-scale data. The matched geometric and kinematic scales between the 
simulated and full-scale flow fields are approximately 1/50, whereas the velocity scales are of 
the order of 1/6.5. A good similarity between the radial and vertical profiles of tangential 
velocities between the Mode B TLVs and the RK tornado data was observed especially for the 
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inner regions of the vortex. The unique geometric and velocity scales of Mode B TLVs 
translate into a Froude number scale close to 1 which is of particular importance for future 
aeroelastic testing of structures. On-going research uses Mode B TLV to test aeroelastic models 
of transmission lines and towers, light poles, and other structures. 
 
2.5. References 
Ashrafi, A., Romanic, D., Hangan, H., 2019. Flow Properties for a Large Scale Tornado-like 
Vortex, in: The 15th International Conference on Wind Engineering. Beijing, China, pp. 
7–10. 
Ashrafi, A., Romanic, D., Hangan, H., 2018. Producing 1/100 and Larger Scale Tornadoes in 
a Wind Simulator, in: Tornado Hazard Wind Assessment and Reduction Symposium 
(THWARTS). University of Illinois at Urbana-Champaign, USA, p. 1. 
Ashton, R., Refan, M., Iungo, G.V., Hangan, H., 2019. Wandering corrections from PIV 
measurements of tornado-like vortices. J. Wind Eng. Ind. Aerodyn. 189, 163–172. 
https://doi.org/10.1016/j.jweia.2019.02.010 
Baker, C., Sterling, M., 2019. Are Tornado Vortex Generators fit for purpose? J. Wind Eng. 
Ind. Aerodyn. 190, 287–292. https://doi.org/10.1016/j.jweia.2019.05.011 
Baker, G.R., Barker, S.J., Bofah, K.K., Saffman, P.G., 1974. Laser anemometer measurements 
of trailing vortices in water. J. Fluid Mech. 65, 325–336. 
Benjamin, T.B., 1962. Theory of the vortex breakdown phenomenon. J. Fluid Mech. 14, 593–
629. https://doi.org/10.1017/S0022112062001482 
Bluestein, H.B., French, M.M., Popstefanija, I., Bluth, R.T., Knorr, J.B., 2010. A mobile, 
phased-array doppler radar for the study of severe convective storms: The MWR-05XP. 
Bull. Am. Meteorol. Soc. 91, 579–600. https://doi.org/10.1175/2009BAMS2914.1 
Bluestein, H.B., Golden, J.H., 2011. A review of tornado observations, in: The Tornado: Its 
Structure, Dynamics, Prediction, and Hazards. pp. 319–352. 
https://doi.org/10.1029/gm079p0319 
Bosart, L.F., Lapenta, K., Seimon, A., Dickinson, M., Galarneau, T.J., 2004. Terrain-
influenced tornadogenesis in the northeastern united states, in: 11th Conference on 
Mountain Meteorology. Bartlett, NH. 
Brooks, H.E., Lee, J.W., Craven, J.P., 2003. The spatial distribution of severe thunderstorm 




Chi, S.W., Ying, S.J., Chang, C.C., 1969. The ground turbulent boundary layer of a stationary 
tornado-like vortex. Tellus 21, 693–700. https://doi.org/10.3402/tellusa.v21i5.10120 
Church, C.R., Snow J. T., Baker G. L., Agee E.M., 1979. Characteristics of Tornado-Like 
Vortices as a Function of Swirl Ratio: A Laboratory Investi-gation. Am. Meteorol. Soc. 
36, 1755. 
Church, C.R., Snow, J.T., 2011. Laboratory models of tornadoes, in: R., D.C.C.D.B.C.D. (Ed.), 
The Tornado: Its Structure, Dynamics, Prediction, and Hazards. pp. 277–295. 
https://doi.org/10.1029/gm079p0277 
Church, C.R., Snow, J.T., Agee, E.M., 1977. Tornado Vortex Simulation at Purdue University. 
Bull. Am. Meteorol. Soc. 58, 900–908. https://doi.org/10.1175/1520-
0477(1977)058<0900:tvsapu>2.0.co;2 
Davies-Jones, R., 2015. A review of supercell and tornado dynamics. Atmos. Res. 158–159, 
274–291. https://doi.org/10.1016/j.atmosres.2014.04.007 
Davies-Jones, R., Trapp, R.J., Bluestein, H.B., 2001. Tornadoes and Tornadic Storms, Severe 
Convective Storms. https://doi.org/10.1007/978-1-935704-06-5_5 
Davies-Jones, R.P., 1973. The Dependence of Core Radius on Swirl Ratio in a Tornado 
Simulator. J. Atmos. Sci. https://doi.org/10.1175/1520-
0469(1973)030<1427:tdocro>2.0.co;2 
Edstrand, A.M., Davis, T.B., Schmid, P.J., Taira, K., Cattafesta, L.N., 2016. On the mechanism 
of trailing vortex wandering. J. Fluid Mech. 801. https://doi.org/10.1017/jfm.2016.440 
Geetha Rajasekharan, S., Matsui, M., Tamura, Y., 2013. Characteristics of internal pressures 
and net local roof wind forces on a building exposed to a tornado-like vortex. J. Wind 
Eng. Ind. Aerodyn. 112, 52–57. https://doi.org/10.1016/j.jweia.2012.11.005 
Haan, F.L., Balaramudu, V.K., Sarkar, P.P., 2010. Tornado-induced wind loads on a low-rise 
building. J. Struct. Eng. 136, 106–116. https://doi.org/10.1061/(ASCE)ST.1943-
541X.0000093 
Haan, F.L., Sarkar, P.P., Gallus, W.A., 2008. Design, construction and performance of a large 
tornado simulator for wind engineering applications. Eng. Struct. 30, 1146–1159. 
https://doi.org/10.1016/j.engstruct.2007.07.010 




Hall, M.G., 1966. The structure of concentrated vortex cores. Prog. Aerosp. Sci. 7. 
https://doi.org/10.1016/0376-0421(66)90006-6 
Hangan, H., Kim, J.D., 2008. Swirl ratio effects on tornado vortices in relation to the Fujita 
scale. Wind Struct. An Int. J. 11, 291–302. https://doi.org/10.12989/was.2008.11.4.291 
Hangan, H., Refan, M., Jubayer, C., Romanic, D., Parvu, D., LoTufo, J., Costache, A., 2017. 
Novel techniques in wind engineering. J. Wind Eng. Ind. Aerodyn. 171, 12–33. 
https://doi.org/10.1016/j.jweia.2017.09.010 
Hangan, H., Romanic, D., Jubayer, C., 2019. Three-dimensional, non-stationary and non-
Gaussian (3D-NS-NG) wind fields and their implications to wind–structure interaction 
problems. J. Fluids Struct. 91, 1–27. https://doi.org/10.1016/j.jfluidstructs.2019.01.024 
Hashemi Tari, P., Gurka, R., Hangan, H., 2010. Experimental investigation of tornado-like 
vortex dynamics with swirl ratio: The mean and turbulent flow fields. J. Wind Eng. Ind. 
Aerodyn. 98, 936–944. https://doi.org/10.1016/j.jweia.2010.10.001 
Isom, B., Palmer, R., Kelley, R., Meier, J., Bodine, D., Yeary, M., Cheong, B.L., Zhang, Y., 
Yu, T.Y., Biggerstaff, M.I., 2013. The atmospheric imaging radar: Simultaneous 
volumetric observations using a phased array weather radar. J. Atmos. Ocean. Technol. 
30, 655–675. https://doi.org/10.1175/jtech-d-12-00063.1 
Jischke, M.C., Parang, M., 1974. Properties of Simulated Tornado-Like Vortices. J. Atmos. 
Sci. https://doi.org/10.1175/1520-0469(1974)031<0506:POSTLV>2.0.CO;2 
Karami, M., Hangan, H., Carassale, L., Peerhossaini, H., 2019. Coherent structures in tornado-
like vortices. Phys. Fluids 31. https://doi.org/10.1063/1.5111530 
Karami, M., Carassale, L., Hangan, H., 2020. Statistical and modal analysis of surface pressure 
fluctuations in tornado-like vortices, Physics of Fluids 32, 075109. 
https://doi.org/10.1063/5.0012446 
Kosiba, K.A., Wurman, J., 2013. The three-dimensional structure and evolution of a tornado 
boundary layer. Weather Forecast. 28, 1552–1561. https://doi.org/10.1175/WAF-D-13-
00070.1 
Kurdzo, J.M., Nai, F., Bodine, D.J., Bonin, T.A., Palmer, R.D., Cheong, B.L., Lujan, J., Mahre, 
A., Byrd, A.D., 2017. Observations of severe local storms and tornadoes with the 
atmospheric imaging radar. Bull. Am. Meteorol. Soc. 98, 915–935. 
https://doi.org/10.1175/BAMS-D-15-00266.1 
Lee, W.C., Jou, B.J.D., Chang, P.L., Deng, S.M., 1999. Tropical cyclone kinematic structure 
 
41 
retrieved from single-doppler radar observations. Part I: Interpretation of Doppler 
velocity patterns and the GBVTD technique. Mon. Weather Rev. 127, 2419–2439. 
https://doi.org/10.1175/1520-0493(1999)127<2419:TCKSRF>2.0.CO;2 
Letchford, C.W., Mans, C., Chay, M.T., 2002. Thunderstorms - Their importance in wind 
engineering (a case for the next generation wind tunnel). J. Wind Eng. Ind. Aerodyn. 90, 
1415–1433. https://doi.org/10.1016/S0167-6105(02)00262-3 
Lewellen, D.C., Lewellen, W.S., Xia, J., 2000. The influence of a local swirl ratio on tornado 
intensification near the surface. J. Atmos. Sci. 57, 527–544. 
https://doi.org/10.1175/1520-0469(2000)057<0527:TIOALS>2.0.CO;2 
McDonald, J.R., Mehta, K.C., Center., T.T.U.W.S. and E., 2006. A recommendation for an 
enhanced Fujita scale (EF-scale). Wind Science and Engineering Center, Texas Tech 
University, Lubbock, Tex. 
Mishra, A.R., James, D.L., Letchford, C.W., 2008a. Physical simulation of a single-celled 
tornado-like vortex, Part A: Flow field characterization. J. Wind Eng. Ind. Aerodyn. 96, 
1243–1257. https://doi.org/10.1016/j.jweia.2008.02.063 
Mishra, A.R., James, D.L., Letchford, C.W., 2008b. Physical simulation of a single-celled 
tornado-like vortex, Part B: Wind loading on a cubical model. J. Wind Eng. Ind. 
Aerodyn. 96, 1258–1273. https://doi.org/10.1016/j.jweia.2008.02.027 
Natarajan, D., Hangan, H., 2012. Large eddy simulations of translation and surface roughness 
effects on tornado-like vortices. J. Wind Eng. Ind. Aerodyn. 104–106, 577–584. 
https://doi.org/10.1016/j.jweia.2012.05.004 
Nolan, D.S., Dahl, N.A., Bryan, G.H., Rotunno, R., 2017. Tornado vortex structure, intensity, 
and surface wind gusts in large-eddy simulations with fully developed turbulence. J. 
Atmos. Sci. 74, 1573–1597. https://doi.org/10.1175/JAS-D-16-0258.1 
Pazmany, A.L., Mead, J.B., Bluestein, H.B., Snyder, J.C., Houser, J.B., 2013. A mobile rapid-
scanning X-band polarimetric (RaXPol) doppler radar system. J. Atmos. Ocean. 
Technol. 30, 1398–1413. https://doi.org/10.1175/JTECH-D-12-00166.1 
Petitjeans, P., 2003, Stretching of a vortical structure: filaments of vorticity, Europhysics News 
34, 20-23. 
Refan, M., Hangan, H., 2018. Near surface experimental exploration of tornado vortices. J. 
Wind Eng. Ind. Aerodyn. 175, 120–135. https://doi.org/10.1016/j.jweia.2018.01.042 
Refan, M., Hangan, H., 2016. Characterization of tornado-like flow fields in a new model scale 
 
42 
wind testing chamber. J. Wind Eng. Ind. Aerodyn. 151, 107–121. 
https://doi.org/10.1016/j.jweia.2016.02.002 
Refan, M., Hangan, H., Wurman, J., 2014. Reproducing tornadoes in laboratory using proper 
scaling. J. Wind Eng. Ind. Aerodyn. 135, 136–148. 
https://doi.org/10.1016/j.jweia.2014.10.008 
Rotunno, R., 2013. The Fluid Dynamics of Tornadoes. Annu. Rev. Fluid Mech. 45, 59–84. 
https://doi.org/10.1146/annurev-fluid-011212-140639 
Rotunno, R., 1986. Tornadoes and tornadogenesis, in: Mesoscale Meteorology and 
Forecasting. In P. S. Ray (Ed.), Boston: American Meteorological Society, pp. 414–436. 
Simmons, K.M., Sutter, D., Pielke, R., 2013. Normalized tornado damage in the United States: 
1950-2011. Environ. Hazards 12, 132–147. 
https://doi.org/10.1080/17477891.2012.738642 
Snow, J. T., 1982. A Review of Recent Advances in Tornado Vortex Dynamics. Rev. Geophys. 
Sp. Phys. 20, 953–964. 
Tang, Z., Feng, C., Wu, L., Zuo, D., James, D.L., 2018. Characteristics of Tornado-Like 
Vortices Simulated in a Large-Scale Ward-Type Simulator. Boundary-Layer Meteorol. 
166, 327–350. https://doi.org/10.1007/s10546-017-0305-7 
Tang, Z., Feng, C., Wu, L., Zuo, D., James, D.L., 2016. Simulations of Tornado-Like Vortices 
in A Large-Scale Ward-Type Tornado Simulator. 8th Int. Colloq. Bluff Body Aerodyn. 
Appl. 
Turbulent Flow Instrumentation, 2015. Series 100 Cobra Probe. 
Wan, C.A., Chang, C.C., 1972. Measurement of the Velocity Field in a Simulated Tornado-
Like Vortex Using a Three-Dimensional Velocity Probe. J. Atmos. Sci. 
https://doi.org/10.1175/1520-0469(1972)029<0116:motvfi>2.0.co;2 
Wang, J., Cao, S., Pang, W., Cao, J., 2017. Experimental Study on Effects of Ground 
Roughness on Flow Characteristics of Tornado-Like Vortices. Boundary-Layer 
Meteorol. 162, 319–339. https://doi.org/10.1007/s10546-016-0201-6 
Wang, J., James, D.L., Letchford, C.W., Peterson, C., Snow, J.T., 2001. Development of a 
prototype tornado simulator for the assessment of fluid-structure interaction, in: 
Proceedings of the American Conference on Wind Engineering. Presented at the 
Proceedings of the 1st Americas Conference on Wind Engineering. 
Ward, N.B., 1972. The Exploration of Certain Features of Tornado Dynamics Using a 
 
43 
Laboratory Model. J. Atmos. Sci. https://doi.org/10.1175/1520-
0469(1972)029<1194:teocfo>2.0.co;2 
Wurman, J., Alexander, C., Robinson, P., Richardson, Y., 2007. Low-level winds in tornadoes 
and potential catastrophic tornado impacts in urban areas. Bull. Am. Meteorol. Soc. 
https://doi.org/10.1175/BAMS-88-1-31 
Ying, S.J., Chang, C.C., 1970. Exploratory Model Study of Tornado-Like Vortex Dynamics. 
J. Atmos. Sci. https://doi.org/10.1175/1520-0469(1970)027<0003:emsotl>2.0.co;2 
Zhang, W., Sarkar, P.P., 2012. Near-ground tornado-like vortex structure resolved by particle 




























3. Comparison of aerodynamic loading of a high-rise building 
subjected to boundary layer and tornadic winds 
 
Tornado-induced damage to high-rise buildings and low-rise buildings are quite different in 
nature. Tornado losses to high-rise buildings are generally associated with building envelope 
failures while tornado-induced damage to low-rise buildings is usually associated with 
structural or large component failures such as complete collapses, or roofs being torn off. While 
studies of tornado-induced structural damage tend to focus mainly on low-rise residential 
buildings, transmission towers, or nuclear power plants, the current rapid expansion of city 
centers and development of large-scale building complexes increases the risk of tornadoes 
impacting tall buildings. It is, therefore, important to determine how tornado-induced load 
affects tall buildings compared with those based on synoptic boundary layer winds. The present 
study applies an experimentally simulated tornado wind field to the Commonwealth Advisory 
Aeronautical Research Council (CAARC) building and estimates and compares its pressure 
coefficient effects against the Atmospheric Boundary Layer (ABL) flow field. Simulations are 
performed at the Wind Engineering, Energy and Environment (WindEEE) Dome which is 
capable of generating both ABL and tornadic winds. A model of the CAARC building at a 
scale of 1:200 for both ABL and tornado flows was built and equipped with pressure taps. 
Mean and peak surface pressures for TLV flow are reported and compared with the ABL 
induced wind for different time-averaging. By following a compatible definition of the 
pressure coefficients for TLV and ABL fields, the resulting TLV pressure field presents a 
similar trend with the ABL case. Also, the results show that, for the high-rise building model, 
the mean and 3-sec peak pressures are larger for the ABL case compared to the TLV case. 
These results provide a way forward for the code implementation of tornado-induced pressures 
on high-rise buildings.  
 
3.1. Introduction  
In the analysis and design process of various structures, such as low-rise and high-rise 
buildings, wind forces in different forms– e.g., synoptic and non-synoptic flow fields–must be 
 
45 
considered. To estimate the structural response to wind forces, Alan Davenport’s chain 
(Davenport, 2002) including wind conditions, topographical characteristics, geometric and 
dynamic properties for aerodynamics, and structural response must be taken into account. Four 
methods are employed to evaluate pressure distributions on engineered buildings: (1) full-scale 
building tests (e.g., Cannon and Pewitt, 1987; Hoxey and Robertson, 1994) (2) wind tunnel 
tests with scale models (e.g. Melbourne, 1980; Smith et al., 1990), (3) computational fluid 
dynamics (CFD) simulations (e.g., Thordal et al., 2019, 2020), or (4) statistical models based 
on experimental results (Carassale and Marré Brunenghi, 2011). Numerous experimental and 
numerical studies have been carried out to investigate wind-induced forces on structures to 
examine the effect of the vortex structure and topology of the flow generated by an ABL of 
approaching flow. The first step of a wind tunnel procedure is employing a rigid scaled model 
to examine pressure distribution (𝐶𝑝) on the structure to determine base forces and moments 
(Maruat et al., 1998). The effect of pressure distribution for component and cladding is a crucial 
step that was studied by Irwin et al. (1998). On the other hand, Cóstola et al. (2009) investigated 
the influence of 𝐶𝑝  based on different factors such as wind speed, wind direction, model 
geometry, and exposure. Li et al. (2020a) utilized a Commonwealth Advisory Aeronautical 
Research Council (CAARC) building model to examine the effect of different corner chamfers 
on 𝐶𝑝. They found that the aerodynamic performance of the model was improved compared to 
the lower corner chamfer ratio. Moreover, a novel technique based on an artificial neural 
network (ANN) for predicting 𝐶𝑝 on tall buildings was employed against ABL flow by Bairagi 
and Dalui (2020). They employed wind tunnel measurements for their databased to be used 
and compared by CFD results. Guzmán-Solís et al. (2020) analyzed the CAARC standard 
model for different aspect ratios to identify the effect of 𝐶𝑝 on shear, bending, and torsional 
loads. The effect of freestream turbulence on 𝐶𝑝 measurements for a CAARC building was 
explored by Li et al. (2020b). They found that by increasing turbulent intensity from 7.2% to 
13.5%, pack 𝐶𝑝  increases by 47%, 69%, and 23% on windward, side walls, and leeward, 
respectively. Frison et al. (2019) studied an iterative design method to find out the dynamic 
response of an aeroelastic CAARC model to wind load. Different time-averaging for mean and 
peak distributed 𝐶𝑝 was explored by Li et al. (2020c) on high-rise buildings for component and 
cladding designing process to examine the uncertainties in the prediction of local peak wind 
by considering the Gumbel approach. 
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Compared to ABL flow, which is also referred to as straight-line wind, tornado wind is three-
dimensional (3D) in nature with a rapidly rotating column of air that has substantial tangential, 
radial, and vertical wind-speed components. Tornadoes are famous for their strong and 
devastating natural wind phenomena with wind speeds up to 512 km/h for F5-rated tornadoes 
(Wurman and Kosiba, 2013). According to the statistical data from National Oceanic and 
Atmospheric Administration (NOAA), about 1000 tornadoes occurred in the US between 2014 
to 2016, took 29 lives, and were responsible for immense property loss (Boruff et al., 2003; 
Coleman et al., 2011). Three main reasons that tornadoes produce damage on infrastructures 
such as transmission towers or other engineered buildings are high wind speeds, pressure 
deficit inside the vortex core, and windborne debris (Brooks and Doswell, 2001). In order to 
obtain in-situ velocity and pressure data, the study of actual tornadoes is challenging due to the 
danger and unpredictability (Alexander and Wurman, 2005). Although Doppler radar could be 
able to collect velocity domain data, usually acquiring data below 30 m above ground level 
(AGL) is almost impossible due to the curvature of the earth and topography of the field 
(Wurman et al., 2013). While physically modeling tornadoes lacks some of the physics of the 
real phenomena it presents itself as a viable tool mostly in terms of reproducibility of the flow 
field and the possibility to study its impact on model scaled buildings and structures. The Wind 
Engineering, Energy and Environment (WindEEE) Dome can generate an entire range of 
tornado-like vortices (TLVs) and evaluate the TLV-induced forces on structural models. 
(Hangan et al., 2017; Refan and Hangan, 2018). Tornado-induced wind loads and flow 
structures around surface-mounted obstacles (i.e., structures and buildings) with a significant 
tangential velocity, radial inflow, and vertical updraft would be quite different from ABL flows 
(Markowski and Richardson, 2009). Even Though tornado-induced damage is commonly 
observed in low-rise buildings, they have also occurred for high-rise buildings in the past years. 
For instance, an EF2-rated tornado in March 2008, touched down causing widespread damage 
to several high-rise buildings in downtown Atlanta, Georgia such as the 220 m tall Westin 
Peachtree Plaza Hotel. Most of the research concentrated on low-rise buildings.  For instance, 
a low-rise building model with different geometry and orientation was examined by Case et al. 
(2014). Mishra et al. (2008) quantified 𝐶𝑝 on a cubic model at different locations relative to the 
center of a tornado. Likewise, the effects of surface roughness on 𝐶𝑝 of a cubic building model 
conducted by Sabareesh et al. (2012). While Hu et al. (2011) applied a gable-roof building 
model against a TLV at various locations and orientation angles by Particle Image Velocimetry 
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(PIV) system. Haan et al. (2010) analyzed peak loads on a gable-roof model against a TLV 
flow field to be compared with the same model for ABL wind. The same procedure with 
considering the effect of swirl ratios and translation of the simulated tornado was examined by 
Razavi and Sarkar (2018). There are few studies on the action of TLVs on high-rise buildings. 
Yang et al. (2011) studied a tall building inside the Iowa State University simulator to figure 
out the TLV-induced wind load (forces and moments) acting on their model. They utilized a 
PIV system to demonstrate the flow field for the simulated tornado with and without the model 
on their turntable to characterize vortex, separation, and wake flow around the building. Hou 
and Sarkar (2020) applied an aeroelastic CAARC model in a TLV flow field to examine the 
vibration response and excitation of the model. They reported the tornado-induced vibration is 
more severe compared to the same experiment against the ABL flow. 
Herein, the CAARC standard tall building model is used to conduct a series of pressure 
measurements on a rigid model at different angle of attacks, radii, and swirl ratios inside 
WindEEE Dome for two cases, i.e., ALB and TLVs. The experimental ABL results for the 
CAARC standard tall building models were tested at four research institutions [NAE=National 
Aeronautical Establishment, Canada (Melbourne, 1980); TPU=Tokyo Polytechnic University, 
Japan (Guzmán-Solís et al., 2020); CU=City University of London, England (Melbourne, 
1980); HUST=Hunan University of Science and Technology, China (Li et al., 2020a)]. These 
outcomes are compared with the ABL results in the WindEEE Dome which is not a classical 
boundary-layer wind tunnel (BLWT) as a verification practice. Furthermore, the TLV flow 
characteristics in the WindEEE Dome are presented in terms of flow histograms, probability 
density functions (PDF), and power spectral densities (PSD) for several swirl ratio TLVs. 
There is still a large debate on the definition of pressure coefficient for TLV flows in a way 
that allows comparison with the ABL cases. A new compatible approach for referencing the 
𝐶𝑝s in TLV flow fields is suggested. By using this approach, the hourly mean and 3-sec peak 
𝐶𝑝 distributions are compared between the TLV cases and the ABL ones. The results of this 
assessment may be useful for the National Building Code of Canada (NBCC) and the American 







   (b)     (c) 
Fig.  3.1. (a) 3D schematic of WindEEE Dome, (b) ABL flow, and (c) TLV flow and 
rotational direction for the test model inside the WindEEE Dome on the turntable. 
 
3.2. Experiment setup 
The WindEEE Dome at Western University, Canada, is a 3D, time-dependent wind testing 
chamber with the inner testing chamber 25 m in diameter, see Fig. 3.1(a). WindEEE can 
physically simulate a wide variety of wind systems (e.g., gusts, shear winds, boundary layers, 
tornadoes, downbursts, etc.) over a wide range of scales and Reynolds numbers (𝑅𝑒) by 
varying the configuration, wind speed, and wind direction of the 106 fans in the dome. 
WindEEE functions in two distinct modes: (1) multi-fan wind tunnel mode with the 60-fan 
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wall pushing air inside the chamber and creating (i) atmospheric boundary layer (ABL) type 
flows, see Fig. 3.1(b); (ii) setting differential flow rates over the 60-fan wall and creating 
horizontally and vertically sheared flows; (iii) time-varying of the 60-fan wall creating active 
turbulence flows. (2) axisymmetric flow field in which the larger 6 fans situated above the 
ceiling of the testing chamber are combined with 8 fans situated at the base of each 6 walls. In 
the latest mode, WindEEE can produce tornado-like vortices (TLV), see Fig. 3.1(c), in 
stationary and non-stationary (translating) states by translation of the bell-mouth. 
 
 
Fig.  3.2. (a) CAARC model and pressure taps on the surface, (b) direction of measuring 𝐶𝑝, 
(c) rotational direction of the model on the turntable (𝐻= 0.9114 m, 𝑊=0.1524 m, 𝐵=0.2286 
m, and scale 1:200). 
 
In this paper, two of the flows generated in WindEEE are used, namely the ABL and the TLV 
simulations. The ABL flow is generated by using a combination of contraction walls (see Fig. 
3.1 (b)), and passive flow elements including spires and roughness elements. In addition to 
that, the four rows of fans were employed to create an additional vertical shear. For the open-
country terrain considered in this study, the following settings were applied: row 1: 50%, row 
2: 65%, row3: 90%, and row4: 50%. The TLVs are produced using either: (i) a combination 
of upper six fans to generate an updraft with the louver vanes (LVs) to create circulation in the 
inflow (i.e., Mode A, (Refan and Hangan, 2018)) or (ii) a combination of six top fans (TFs) in 
the upper plenum with eight peripheral fans (PFs) on each wall plus LVs producing swirl (i.e., 
Mode B, (Ashrafi et al., 2018, 2019, 2021)). A scaling approach developed by Refan et al. 
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(2016) was employed to establish both the velocity and geometric scaling between the actual 
and simulated tornadoes. Essentially, a TLV is characterized by two different length scales–
i.e., the radius and the height at which the maximum tangential velocity (𝑉𝑚𝑎𝑥,𝑡) occurs. These 
two lengths (radius, 𝑟𝑚𝑎𝑥,  and height, 𝑧𝑚𝑎𝑥), together with the 𝑉𝑚𝑎𝑥,𝑡 are extracted from full-
scale data. In the laboratory, the swirl ratio (𝑆) of the TLV is varied, and therefore both the 
radius and the height ratios between full-scale and model-scale vary. At a certain swirl ratio, 
the two length scales (the one based on the height and the one based on the radius) meet, and 
consequently that swirl ratio is considered to be the match between experiment and reality. The 
scaling process defined in Refan et al. (2014) based on the initial PIV measurements in the 
model WindEEE (MWD) has been applied for the WindEEE Dome for both Mode A and Mode 
B TLVs, Refan et al. (2018) and Ashrafi et al. (2021) respectively. An overall 1/200 scale ratio 
between the full-scale and the simulated tornadoes is noticed for TLVs inside the WindEEE 
Dome for Mode A while a larger scale of approx. 1/50 is achieved in Mode B.  
A rigid model of the standard tall building (CAARC) with a rectangular cross-section (𝐻= 
0.9114 m, 𝑊=0.1524 m, 𝐵=0.2286 m, where 𝐵 and 𝑊 are cross-sectional dimensions and 𝐻 
is the height of the model) was built (Fig. 3.2(a)) at a geometric scale ratio of 1/200. This model 
was equipped with 297 pressure taps on the surface (see, Fig. 3.2(a)). The surface pressure 
measurements were conducted to examine the ABL and TLVs pressure field acting on the 
model to further analyze, establish, and compare the 𝐶𝑝  for two flow fields. Sixteen 
electronically scanned pressure (ESP) sets and two digital temperature compensation Initiums 
(DTCI) were employed for the pressure system. Also, the pressure taps with 1.33 mm inner 
diameter were linked with 0.3 m long PVC tubes to pressure scanners (pressure range ± 1 kPa). 
In order to add damping to the resonant system of pressure tubes, two restrictors of PVC tubes 
with internal diameters of 0.9 mm and 0.33 m long were used which measurements showed 
that the frequency response of this tubing system is around 200 Hz. DTCI were employed to 
screen pressure scanners and obtain the differential pressures, 𝛿𝑝𝑖 = 𝑝𝑖 − 𝑝0 where 𝑝𝑖 is the 
measured pressure at the 𝑖th tap and 𝑝0 is the atmospheric pressure measured outside of the 
testing chamber. The errors for the Initiums and scanners were ±0.05% and ±0.03%, 
respectively. The sampling frequency (𝑓) and the time period (𝑇) of the pressure measurements 
were 500 Hz and 120 sec, respectively.  
On the other hand, Cobra probes were used for wind speed measurements in all experiments 
(Turbulent Flow Instrumentation, 2015) which are multi-hole pressure probes designed to 
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quantify three components of velocity in turbulent flows. The sampling frequency of velocity 
measurements was set at 1250 Hz for a time period of 120 sec. Previously, the capacity of 
using Cobra probes to evaluate TLV flow fields were tested and validated by Refan and 
Hangan (2018) and Ashrafi et al. (2021). The precision of velocity measurements is overall 
within ±0.5 m s–1 and ±1° pitch and yaw up to approximately 30% turbulence intensity. Also, 
the wind profile of the approaching ABL flow was measured at different elevations in front of 
the model by Cobra probes to assess and compare with a standard ABL profile. The 𝐶𝑝 for 
measured on the CAARC model at every height in both the ABL and TLV flows are referenced 
around the perimeter of the building as shown in Fig. 3.2(b), where 𝑊𝑥 is the shortest of the 
two in-plane lengths. Furthermore, three angle-of-attacks (AOA=0° , 90° , and 56°) were 
considered against the wind field by rotating the model on the turntable (see, Fig. 3.2(c)). 
Additionally, for the TLV flow field, four radial locations (i.e., starting from 𝑟=0.53 m to 
𝑟=0.83 m from the center of the turntable with a 0.1 m increment) corresponding to the four 
swirl ratios extracted in Mode A (Refan and Hangan, 2018) were considered which will be 
discussed in the flow field analysis section.  
 
3.3. Results 
3.3.1. Atmospheric Boundary Layer (ABL) flow 
An ABL flow is generated in the WindEEE Dome by using the 60-fan wall differentially in 
combination with a contraction (see Fig. 3.1 (b)) and passive flow elements. Fig. 3.3(a) shows 
results in terms of the longitudinal component of mean velocity (𝑈) and turbulence intensity 
(𝑇𝐼𝑢(𝑧) = 𝜎𝑢(𝑧)/𝑈(𝑧), where 𝜎𝑢 is standard deviation in 𝑥 direction) profiles matched with 
Engineering Sciences Data Unit (ESDU) standard profiles (ESDU, 1983, 1982) for 1:200 scale 
at various heights over the turntable. The profiles are cohesive to previous results in Hangan 
et al. (2017) which showed this matching process for different scales (1/300 to 1/100). The 
figure indicates that both the experimental mean and intensity profiles are in good agreement 
with the target profiles for the main part of the building height. However, there is a discrepancy 
towards the top of the building height for the mean velocity profile as well as at the base of the 
building for the 𝑇𝐼. Traditional boundary layer wind tunnels are able to produce 𝑈 and 𝑇𝐼 
profiles naturally at the designated location by injecting air and using passive devices such as 








Fig.  3.3. ABL flow inside the WindEEE Dome with scale 1:200. (a) velocity and turbulent 
intensity profiles and (b) power spectrum at 𝑧=2/3 𝐻. 
 
However, the ABL flow inside the WindEEE is produced as an open jet wind tunnel with the 
flow recirculating afterward above the main chamber and by varying vertically fan’s rpms on 
the 60-fan wall and using passive flow devices. This mode of generating an ABL flow and the 
presence of multiple fans create the discrepancies in profiles discussed above. On the other 
hand, the power spectra density (PSD) is another important characteristic of ABL wind for 
maintaining similitude between model scale and full scale. The longitudinal component of 
spectra (𝑆𝑢(𝑓)) for the same range of scales along with the comparison with a standard (ESDU, 
1985) is normalized and shown in Fig. 3.3(b) where 𝑈𝑧 is the mean velocity at height 𝑧=2/3 
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Fig.  3.4. Distribution of mean pressure coefficient at 𝑧=2/3 𝐻 on the CAARC model surface 





Fig.  3.5. Pressure coefficient (RMS) at 𝑧=2/3 𝐻 on the CAARC model surface for the ABL 
flow (AOA=0°). 
 
Pressure coefficients, 𝐶𝑝, are used in building codes to determine the pressures that will be 








where 𝑝𝑖 is the recorded pressure on the model surface, 𝑝𝑟𝑒𝑓 is the reference static pressure, 𝜌 
is the density of air, and 𝑈𝑟𝑒𝑓 is the reference wind speed. The mean wind pressure coefficient, 


















where 𝑇 is the sampling time, 𝑁 is the sampling length. Fig. 3.4(a) and (b) illustrate the mean 
wind 𝐶𝑝 at the 2/3 height (𝑧=2/3 𝐻) of the CAARC model for AOA=0°, AOA=90° and 56°, 
respectively, compared with four other research institution results (NAE=National 
Aeronautical Establishment; TPU=Tokyo Polytechnic University; CU=City University of 
London; HUST 0=Hunan University of Science and Technology). The mean wind 𝐶𝑝 on the 
windward and leeward sides obtained from this study are consistent with those previously 
measured by other wind tunnel labs. On side walls, however, there are discrepancies that are 
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attributed to the following: (i) the flow separation along the windward corner leads to a sharp 
rise of fluctuating 𝐶𝑝. Fig. 3.4(b) proves that the smaller the surface encountered by the ABL 
wind (𝑊 compared to 𝐵), the less variation in the 𝐶𝑝 trend is encountered; (ii) the difference 
in producing the ABL in WindEEE where vertical shear is added by setting fans and different 
speeds compared to traditional BLWTs where passive devices are only employed. Fig. 3.5 
shows that the side walls 𝐶𝑝(RMS) values are higher in WindEEE compared to the other 
BLWTs. In this regard, Li et al. (2020a and 2020b) reported and compared three RMS profiles 
for their experiment with different 𝑇𝐼 values –i.e., HUST 0 (smooth), HUST 1 (𝑇𝐼=7.2%), and 
HUST 2 (𝑇𝐼=13.5%). This figure clearly shows that the 𝑇𝐼 value for smooth surface inside the 
WindEEE Dome is close to HUST 2 scenario which proves the aforementioned reasons. 
Although the ABL flow inside the WindEEE –i.e., being generated differently from classical 
BLWTs– presents discrepancies compared to other BLWTs, the availability of the 𝐶𝑝 time-
series that allows extraction of the mean, 3-sec, and peak data was deemed important for the 
comparison with the TLV resultant 𝐶𝑝s.   
 
 
Fig.  3.6. CAARC model on the turntable for four different radial locations and swirl ratios 




3.3.2. Tornado-like Vortices (TLVs) 
3.3.2.1.  Flow field analysis 
Refan and Hangan, 2018 developed the Mode A TLVs inside the WindEEE Dome and reported 
on the flow characteristics for four swirl ratios defined as: 
 
𝑆 = 𝛤∞ 2𝑎𝑄′⁄  (4) 
 
where 𝑎 is the aspect ratio defined as ℎ 𝑟0⁄  (ℎ is the inflow height and 𝑟0 is the updraft radius), 




Fig.  3.7. Histogram and normal PDF (red line) distribution at 𝑧 = 𝑧𝑚𝑎𝑥 for the TLV flow 
(scale 1:200) inside the WindEEE Dome (𝑟1=0.53 m, 𝑟2=0.63 m, 𝑟3=0.73 m, 𝑟4=0.83 m, and 
𝑆1=0.48, 𝑆2=0.59, 𝑆3=0.73, 𝑆4=1.04). 
 
It was observed that, due to the rotational direction of TLV and the wandering effect inside the 
chamber, the center of TLVs is slightly displaced from the center of the turntable against the 
60-fan wall. These offsets were measured based on the distribution of pressure deficit of TLVs 
on the turntable (Refan and Hangan, 2018). Therefore, these offsets have been taken into 
consideration when determining the radial locations corresponding to the core radius for the 
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four swirl ratios (see, Fig. 3.6). The CAARC model was radially placed starting from 𝑟=0.53 
m to 𝑟=0.83 m from the center of the turntable with a 0.1 m increment (see, Fig. 3.6). 
Additionally, three angle-of-attacks (AOA=0°, 90°, and 56°) for the CAARC model were 
evaluated against the TLV field by rotating the model on the turntable (see, Fig. 3.2(c)). 
 
 
Fig.  3.8. Power spectrum at 𝑧 = 𝑧𝑚𝑎𝑥 for the TLV flow (scale 1:200) inside the WindEEE 
Dome (𝑟1=0.53 m, 𝑟2=0.63 m, 𝑟3=0.73 m, 𝑟4=0.83 m, and 𝑆1=0.48, 
𝑆2=0.59, 𝑆3=0.73, 𝑆4=1.04). The red dash line is –5/3 slope. 
 
The histogram of the tangential velocity (𝑉𝑡) component for various radial positions for the 
Mode A tornado in the presence of the CAARC building is shown in Fig. 3.7. Also, fitting 
Gaussian distributions are shown for comparison as well as their skewness (γ) and kurtosis (k). 
It is observable that with increasing 𝑆 which is proportional with 𝑉𝑡, the PDFs are escalating, 
and the profile is getting sharpener and narrower. Karami et al. (2020 and 2019) discussed how 
the wandering effect for lower values of 𝑆 can create discrepancies from the Gaussian profile 
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which is noticeable here for 𝑆1 case.  
The PSD of the velocity, 𝑆𝑢(𝑓), measured at the same radial positions is illustrated in Fig. 3.8. 
Herein, the trend of velocity PSD is compared to the typical equilibrium –5/3 slope (inertial 
sub-range) which the PSDs show clear departures. This has been previously observed by 
Hangan et al. (2019) and it is attributed to the complex vortex structure of the TLVs which is 
also dependent on the swirl ratio (Karami et al. 2019). Different studies reported various vortex 
patterns, qualitatively and quantitatively, ranging from the laminar vortex, single vortex with 
break down bubble, vortex touch down, intertwined spiral vortices, and multiple vortices as a 
function of 𝑆 (e.g., Ward, 1972; Church et al., 1979; Refan et al., 2014; Davies-Jones, 2015). 
A higher value of 𝑆 corresponds with multiple vortices prone to breaking down into smaller 
vortices (i.e., 3-cell). This may be related to the PSD levels decreasing for the high-frequency 
range with increasing 𝑆 , observed in Fig. 3.8. 
 
3.3.2.2. Pressure coefficients analysis 
A common practice in fluid dynamics to estimate pressure distribution for simple shape 
structures is using Bernoulli’s equation along a streamline: 
 
𝑝𝑟𝑒𝑓 + 0.5𝜌𝑉𝑟𝑒𝑓
2 + 𝑧𝑟𝑒𝑓 = 𝑝𝑖 + 0.5𝜌𝑉𝑖
2 + 𝑧𝑖 (5) 
 
Essential parts of this equation are the reference values situated on an undisturbed streamline. 
In the wind engineering community, this reference path for ABL winds is considered at the 
roof height (𝑧=𝐻) for low-rise buildings due to the least variability in the data (Wang et al., 
2018) or 𝑧=2/3 𝐻 for high-rise buildings. However, this approach is not simply applicable to 
TLV as the dynamic pressure varies with radius and height as well. Therefore, in order to 
compare tornado to ABL-induced wind loads, the effect of various references on the pressure 
coefficients needs to be addressed. The following are options to be explored: (i) the first option 
is using the roof height (𝑧=𝐻). In this case the references pressure (𝑝𝑟𝑒𝑓) is not accurately 
measured by Cobra probes due to the rotational flow field for TLV. In reality, measuring 
tornado pressure deficit is possible on the ground. Furthermore, the value of 𝑉𝑡(𝑧)  is 
decreasing for 𝑧=𝐻 > 𝑧𝑚𝑎𝑥  and consequently 𝐶𝑝 will increase dramatically by power two. (ii) 
the second option, 𝑧=2/3 𝐻, presents the same limitation which both these options producing 
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TLV pressure coefficients at impingement higher than 1. (iii) An alternative option, adopted 
herein, is to use the streamline corresponding to 𝑧𝑚𝑎𝑥 and therefore to 𝑉𝑚𝑎𝑥,𝑡. While reference 
pressure at that level is normally not available, ground pressure measurements are possible 
(Karstens et al., 2010). As 𝑧𝑚𝑎𝑥 in TLV flow is close to the ground, it is conceivable to use the 
surface ground at 𝑟𝑚𝑎𝑥, corresponding to 𝑉𝑚𝑎𝑥,𝑡 radial location. Also, 𝑝𝑟𝑒𝑓 measurements on 
the turntable floor are accurate and a common practice inside TLV simulators. Previously, 
Wang et al. (2018), Sabareesh et al. (2019), and Roueche et al. (2020) considered 𝑝𝑟𝑒𝑓 as 𝑝∞ 
which is the reference pressure far away from TLV flow. On the other hand, Sabareesh et al. 
(2009) and Razavi and Sarkar (2018) reported their measurements for 𝑝𝑟𝑒𝑓  as 𝑝𝑎𝑡𝑚  or 𝑝0 
(atmospheric pressure) and therefore, their 𝐶𝑝 are not comparable to the ABL flow. Based on 
the above considerations herein, we chose to initially define 𝐶𝑝 as:  
 
𝐶𝑝 = (𝑝𝑖 − 𝑝𝑟𝑒𝑓)/(0.5𝜌𝑉𝑚𝑎𝑥,𝑡
2 ) (6) 
 
where 𝑝𝑖 is local pressure of i
th tap, 𝑝𝑟𝑒𝑓 is reference pressure measured on the floor at 𝑟𝑚𝑎𝑥 
for each 𝑆, 𝜌 is the air density, and 𝑉𝑚𝑎𝑥,𝑡 is maximum mean tangential velocity again for each 
𝑆. Moreover, all parameters of 𝐶𝑝, except 𝑝𝑖, are measured when there is no building model 
inside the simulator. These parameters were determined in Refan et al. (2018) using pressure 
taps on the floor for 𝑝𝑟𝑒𝑓, and previous PIV tests for the distribution of 𝑉𝑡 as a function of 
radius and height. Tornado flows are very different in nature from ABL winds. While mean, 
RMS, and peak values are usually reported over a 10- to 60-min full-scale period for ABL 
flows, a tornado only lasts, on average, 10 minutes (Nolan, 2013). Although examining hourly 
mean pressures on a model test for a stationary TLV is not comparable to the dynamic action 
of an actual tornado passing in the proximity of a building, it can provide a preliminary insight 








Fig.  3.9. Distribution of mean pressure coefficient on the CAARC model surface (AOA=0°) 
inside the TLV flow fields for different radii and swirl ratios (𝑟1=0.53 m, 𝑟2=0.63 m, 𝑟3=0.73 




Fig.  3.10. Distribution of hourly mean 𝐶𝑝𝑖 at 𝑧=2/3 𝐻 and AOA=0° for rotated data of TLV 




By applying the 𝐶𝑝 as per equation (6), we obtain the initial distribution of hourly mean 𝐶𝑝 for 
four swirl ratios and corresponding radii at 𝑧 = 𝑧𝑚𝑎𝑥 in Fig. 3.9(a). Then, in order to further 
compare TLV results to the simulate ABL, mean 𝐶𝑝s are shown at 𝑧=2/3 𝐻 (see Fig .9 (b)). 
Note that for both graphs there is a 90° difference in trends as the TLV impinges on the lateral 
side of the CAARC building model compared to the ABL flow. By rotating the TLV data from 
Fig. 3.9(b) with 90° clockwise (see Fig. 3.2), we obtain the 𝐶𝑝 distributions presented in Fig. 
3.10. While our definition of the 𝐶𝑝 in TLV (equation (6)) is based on the streamline positioned 
at 𝑧𝑚𝑎𝑥, from here the 𝐶𝑝𝑖 at 𝑧=2/3 𝐻 are used to compare ABL and TLV flows. Fig. 3.9 (a 
and b) shows that the trends between the 𝐶𝑝𝑖s at the two levels (𝑧=2/3 𝐻 and 𝑧 = 𝑧𝑚𝑎𝑥) are 
similar, with a simpler trend for the 𝑧=2/3 𝐻 which is in line with wind engineering practice 
and can provide a simpler basis for future code implementations. The similarity between the 
TLV and ABL data is remarkable. It is striking that with the exception of the 𝑆1 TLV which is 
highly unstable and small, the ABL and TLV cases are similar for the windwards and leeward 
sides. However, for the side walls difference is noticeable. This discrepancy on side walls is 
most probably coming from the curvature of the flow field for TLVs producing a lesser 
separation and reattachment effect on side walls compared to ABL. The counterclockwise 
rotation of the TLV flow, the existence of a greater contributing 𝑉𝑡, and the anti-symmetry 
observed in the distribution of pressure values are some significant factors that characterize 
this complex behavior of a TLV which can lead to peculiar tornadic loads on CAARC faces 
distinct from a straight-line wind. Yang et al. (2011) used PIV measurements in order to 
visualize this spiral motion in horizontal planes with and without a model test against their 
simulated TLVs. As visualized by the streamlines, the wake vortex structures on the side walls 
of the model were found to be less developed compared to the ABL flow. 
Based on statistical data for actual tornadoes touching down in North America, over 80% of 
tornadoes have peak wind speeds of smaller than 217 km/h which corresponding to EF0- to 
EF2-rated twisters (Twisdale and Dunn, 1981; Bluestein and Golden, 2011) which makes 
studying this range of EFs decisive for structural safety against the actual tornadic wind. Refan 
et al. (2018) correlated characteristics of simulated TLVs inside the WindEEE Dome and 
indicated that the 𝑆2  TLV in WindEEE is similar to EF1 tornadoes. Therefore, 𝑆2  TLV is 
further selected as a benchmark to compare 𝐶𝑝 results between ABL and TLV for different 
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AOAs as shown in Fig. 3.11. The same 90° clockwise correction is applied for all three 
building orientations. Likewise, the similarity in trends for the ABL and TLV data for all angles 
is encouraging. The main difference is again observed for the side walls as expected and 




(a) (b) (c) 
Fig.  3.11. Mean pressure coefficient on the CAARC model surface for the TLV flow (𝑧=2/3 
𝐻, 𝑟2=0.73 m, and 𝑆2=0.59) compared to the ABL flow (𝑧=2/3 𝐻). (a) AOA=0° , (b) 
AOA=90°, (c) AOA=56°. 
 
 
(a) (b) (c) 
Fig.  3.12. Distribution of 3-sec pressure coefficients, (a) +peak, (b) −peak, and (c) peak, on 
the CAARC model (AOA=0°) for the simulated ABL (𝑧=2/3 𝐻) and TLV (𝑧=2/3 𝐻, 𝑟2=0.73 
m, and 𝑆2=0.59) flows at WindEEE Dome. 
 
The peak pressures occurring on high-rise buildings are known as the main cause of damage 
or even collapses of components and cladding of tall buildings (Li et al., 2020b). For a high-
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rise building, positive peak pressures form on the windward wall, and negative peak pressures 
occur on its side walls couples with the vortex shedding of the separation flow and locally 
accelerated flow above the separated shear layer (Saathoff and Melbourne, 1997). On the other 
hand, the negative peak pressures on the leeward wall vary being mainly affected by flow 
separation and reattachment on side walls, and the downstream flow in the wake region. Fig. 
3.12 shows the distributions of the 3-sec peak pressure coefficients, 𝐶𝑝 (peak), which case (a) 
is the positive peak pressure coefficient and case (b) is the negative peak pressure coefficient. 
The total peak pressure coefficients–i.e., the positive peak for windward and the negative peak 
for other walls– are shown for case (c). It is observed that the total 3-sec peak pressure 
coefficients are higher for the ABL flow compared to TLV.  
In the end, hourly mean and 3-sec pressure coefficients on the standard CAARC model are 
illustrated in Fig. 3.13. These values are selected based on maximum, minimum, or mean 
pressure coefficients at 𝑧=2/3 𝐻 height. For the mean (A2 and T2) and +3-sec peak (A1 and 
T1) of 𝐶𝑝s, both simulated TLV and ABL flow fields are close together with slight differences. 
However, for the −3-sec peaks of 𝐶𝑝s (A3 and T3) the ABL values are larger compared to the 
TLV one. This is an important fact showing that potentially the determination of tornado 
loading on high-rise buildings may be related to the ABL cases. Further research is needed to 
expand this to other high-rise building models before being considered for code 
implementation. Also, further consideration needs to be given to different time-averaging as 
NBCC adapted the mean-hourly time-averaging while ASCE applies 3-sec time-averaging 
window for analyzing the wind load on structures. 
 
 
Fig.  3.13. Pressure coefficients on the CAARC model for the simulated ABL and TLV flow 
fields (𝑧=2/3 𝐻) at WindEEE Dome. A1 & T1 (+3-sec peak), A2 & T2 (hourly mean), A3 & 





Tornadoes account for the strongest and most devastating natural wind phenomenon that 
impacts human lives and buildings and structures. While several studies have addressed the 
action of tornadoes on low-rise buildings, there is a lack of knowledge on their impact on high-
rise buildings. In this paper, the pressure distribution on a standard tall building, the CAARC 
model,  subjected to both experimentally simulated ABL and tornadic winds were investigated. 
The ABL flow is compared against other four traditional wind tunnels to extract different time-
averaging for pressure coefficients (𝐶𝑝). A reasonable agreement is found between the present 
study and the previous, especially for windward and leeward walls. A scaled TLV at WindEEE 
was considered to examine the pressure distribution on the CAARC building and provide a 
comparison for the ABL case. The response of the model at three critical angles of attack (0°, 
56°and 90°) was studied along several radii corresponding to the core radius position for 
several swirl ratios. A new approach in referencing pressure coefficients in TLV flows has 
been put forward. The pressure distributions in horizontal planes around the rigid model of the 
CAARC building were compared between the ABL and TLV cases. By applying a 90° 
clockwise rotation of the results, explained by the different impinging flow in TLV compared 
to ABL, the calculated mean 𝐶𝑝 distributions showed remarkable similarities between the ABL 
and the TLV. The same procedure has been then applied for the 3-sec peak 𝐶𝑝s and again a 
relatively strong similarity in the distributions have been observed. Overall, for the CAARC 
building the mean and the 3-sec peak 𝐶𝑝s were higher for the ABL compared to the TLV flows. 
While these results are preliminary and need to be checked for a set of high rise buildings, 
inflow conditions and exposures, they are important from the following perspectives: (i) they 
present a potential compatible way to compare ABL and TLV pressures and loads on high-rise 
buildings; (ii) they suggest that for high-rise buildings the ABL pressures are dominant 
compared to the TLV case; (iii) they open a way to implement in codes tornado-induced 
loading on high- rise buildings based on ABL loading.   
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4. Conclusion and summary 
 
4.1. Summary of findings 
The scope of the present research is two-folded. First, a new approach to produce 
unprecedented large-scale tornado-like vortices (TLVs) inside the WindEEE Dome, namely 
Mode B TLVs, is put forward and demonstrated. This new Mode B includes the accompanying 
forcing of the peripheral fans in addition to the louvers system and the upper fans used for the 
previous experiments (Mode A). Second, the characterization of pressure distributions on a 
standard high-rise building (i.e., the CAARC building) subjected to both simulated ABL and 
tornadic winds was investigated at WindEEE Dome. A new and compatible definition of 
pressure coefficient for the ABL and TLV cases is applied resulting in similarities of mean and 
3-sec pressure distributions for the two types of wind fields. Based on the overall findings of 
this thesis, the following major conclusions are stated below.  
 
Major findings from Mode B TLVs analysis in Chapter 2 are: 
• Injection of angular momentum by peripheral fans and decreasing top fans’ rpm produce 
larger and compressed TLV flow fields at WindEEE (i.e., Mode B). 
• Compared to Mode A TLVs, the Mode B TLVs is characterized by lower maximum 
tangential velocities (𝑉𝑚𝑎𝑥,𝑡 ), larger core radius (𝑟𝑚𝑎𝑥 ) and a lower height of the 
maximum tangential velocity (𝑧𝑚𝑎𝑥).  
• The simulated Mode B TLVs flow field is also compared to full-scale Russell Kansas 
(RK) tornado data. A reasonable similarity between the radial and vertical profiles of 
tangential velocities between the Mode B TLVs and the RK tornado data was observed 
especially for the inner regions of the vortex  
• Based on this comparison, the matched geometric and kinematic scales between the 
simulated and full-scale flow fields are determined to be approximately 1/50, whereas 
the velocity scales are of the order of 1/6.5.   
• The unique geometric and velocity scales of Mode B TLVs translate into a Froude 





Major findings from pressure coefficient analysis for the CAARC model in Chapter 3 are: 
• A reasonable agreement is observed for profiles of velocity, turbulent intensity, and 
power spectrum of simulated ABL at WindEEE compared to the ESDU data. 
• The pressure coefficients (𝐶𝑝) of the simulated ABL flow are compared and validated 
with the other four classical BLWTs. Despite the fact that WindEEE uses a different way 
of generating ABL flows, the results show a reasonably good fit, especially for the 
windward and leeward walls.  
• A new compatible approach is proposed in referencing pressure coefficient in TLV flow 
for high-rise buildings. This approach results in a promising similarity between the TLV 
and ABL results in terms of mean 𝐶𝑝.  
• The same procedure is applied for 3-sec peak 𝐶𝑝s for ABL and TLV flows. Again, the 
similarity in the distribution of 𝐶𝑝s is encouraging, especially for windward and leeward 
walls. 
• Overall, for the high-rise building considered, the ABL-induced pressures are higher for 
the ABL compared to the TLV cases.  
• Comparison between the simulated TLV 𝐶𝑝s and the damage produced by the Atlanta 
tornado reported in March 2008 on high-rise buildings opens a way to consider envelope 
forces for tornadic winds on components and cladding. 
• These results have the potential to open a way for implementation in building code 
requirements for tornado-induced loads on high-rise buildings. 
 
4.2. Future recommendations 
Despite the past and current progress on the topics related to this thesis, there are still parts for 
further development and improvement on the current body of knowledge. In this regard, the 
following recommendations for future work are suggested:  
• Extending the comparison of Mode B TLVs with other actual tornadoes to provide a 
range of TLVs for the WindEEE Dome. 




• Examining the impact of surface roughness on the TLV flow structure for Mode B. 
• Investigating an aero-elastic model for Mode B to study tornado-induced forces on the 
structural model. 
• Extending analysis toward Mode B to explore the ratio between tornado size and building 
footprint 
• Study of the proposed method for 𝐶𝑝 in translating TLV flow field 
• Considering different time-averaging windows (e.g., 1-sec or instantaneous peaks) for 
TLV and ABL pressure coefficients to compare pressure loads on high-rise buildings. 
•  Comparison between the measured peak external pressures for the CARRC model and 
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